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1-1.  Introduction 

Interstitial  cystitis/painful  bladder  syndrome  (IC/PBS)  is  a  poorly  understood  condition  characterized  by  chronic 
inflammation  of  the  bladder  wall.  IC/PBS  is  associated  with  bladder  symptoms  of  urinary  frequency  and  urgency,  and 
pain.  A  recent  large-scale  epidemiology  study  on  IC  is  the  federally  funded  RAND  Interstitial  Cystitis  Epidemiology 
(RICE)  study.  RICE  reports  that  3%  to  7%  of  American  women  have  bladder  symptoms  that  could  be  interstitial  cystitis. 
Their  findings  correspond  to  an  IC  Prevalence  of  3,300,000  -  7,900,000  women  in  the  United  States,  based  on  a  high 
sensitivity  (most  inclusive)  definition  (Berry  et  al  201 1).  IC/PBS  is  a  chronic  and  costly  condition  of  patients  and  their 
loved  ones. 

There  are  two  FDA  approved  treatments  for  IC/PBS,  although  there  are  significant  limitations  associated  with  each. 
Consequently,  there  remains  a  significant  need  for  new  therapeutic  interventions  such  as  the  product  candidate  of  this 
grant.  Industry  progress  in  developing  new  treatment  options  for  the  indication  have  been  slow  and  limited.  The  high 
unmed  medical  need  for  this  indication  warrants  multiple  treatment  approaches  by  disease  stakeholders.  The  investigators 
of  this  project  have  worked  to  develop  novel  treatments  for  this  indication.  With  this  project,  these  efforts  now  include 
local  administration  of  anti-nerve  growth  factor  (NGF)  into  the  bladder,  which  holds  promise  for  IC/PBS  by  restricting  the 
effect  of  administered  antisense  oligos  to  the  bladder  and  avoiding  systemic  safety  issues.  The  goal  of  this  project  is  to 
advance  preclinical  experiments  towards  the  development  of  a  new  drug  candidate  using  liposome  mediated  delivery  of 
NGF  for  bladder  pain.  The  larger  objective  of  this  program  is  to  advance  a  drug  candidate  towards  FDA  regulatory  filings 
for  clinical  evaluation. 

1-2.  Keywords 

Interstitial  cystitis/painful  bladder  syndrome  (IC/PBS),  anti-nerve  growth  factor  (NGF),  Small  interfering  RNA  (siRNA), 
liposome,  preclinical,  in-vivo,  urology,  bladder,  drug  delivery,  afferent  hyperexcitability 

1-3.  Overall  Project  Summary 

In  this  project,  local  therapy  targeting  NGF  production  in  the  bladder  for  the  treatment  of  bladder  pain  is  contemplated  for 
development  and  testing.  Aims  of  this  project  support  the  investigation  of  the  feasibility  and  early  product  development  of 
this  new  potential  treatment  option.  Aims  of  the  project  include  formulation  development  and  investigation  in  preclinical 
studies.  Neither  the  proprietary  name,  nor  the  unique  prefix  of  the  non-proprietary  name  has  been  assigned  to  this 
investigative  product,  at  this  time  we  refer  to  it  as  FP-1 1. 

The  overall  grant  summary  is:  (1)  to  establish  viable  NGF  antisense  formulation  for  delivery  using  liposomes  (LP-11) 
locally  in  the  bladder,  which  diminishes  the  NGF  levels  in  the  urothelium  and  bladder  afferent  pathways,  for  the  treatment 
of  bladder  pain  and  C-fiber  afferent  hyper-excitability  to  be  tested  in  in  rats,  and  (2)  to  complete  batch  manufacturing  in 
parallel  with  investigation  of  stability,  and  preclinical  safety  to  allow  an  IND  submission  for  Phase  I  clinical  investigation 
in  the  United  States.  To  achieve  these  objectives;  the  SOW  on  the  following  page  was  developed: 


2 


II.  Body 

II- 1.  Timeline  described  in  the  SOW 


Year  1 

Year  2 

Year  3 

0-4mo 

5-12mo 

13-16mo  17-20mo  21-24mo 

25-28mo  29-32mo  33-36mo 

AIM  1 

Hi  Regulatory 
approval  for 
animal  research 
□  Obtain  written 
approval  from 
both  IACUC 
and  ACURO 

Mb  Order  animals/ 

□  Prepare 
protocols/ 
documentation 

□  Initiate  animal 
study  and 
confirmation  of 
CYP  and  TNBS 

□  CYP,  TNBS  treatment 

□  LP-NGF  antisense  treatment 

o  Pain  behavior/bladder 
over-activity  assessment 

□  Tissue  Analysis 

o  PCR/ELISA 
o  Patch  Clamp 

Complete 
animal  studies 

Animal  study 
data 

analysis/reporting 

AIM  2 

□  Optimize  formulation 

□  Manufacture  LPs 

□  Analytical  method  development 

□  Develop  GMP  LP-NGF  antisense 
manufacture  process 

□  cGMP  documentation  reporting 

□  Manufacture  GMP  LP 

□  Product  specihcations/batch 
release  testing 

□  Biosdistribution  assessment 

; '  Jj  Stability  Testing 
□  Ex- vivo  stress  testing 

II-2.  Research  Accomplishments 
Aim  1  (Year  2) 

1 .  CYP,  TNBS  treatment,  Tissue  analysis 

[Accomplishment]  Validation  of  the  colitis  models  and  development  of  the  new  animal  model  of  chronic  cystitis 

Building  on  previous  period  findings,  we  continued  to  examine  the  mechanisms  inducing  nociceptive  responses  in  the 
bladder  such  as  bladder  pain  behavior  and  bladder  overactivity  in  rats  with  experimental  colitis. 

Overall  we  have  found  that;  (1)  TNBS  colitis  rats  exhibit  enhanced  freezing  behavior  that  reflects  bladder  pain,  which  was 
suppressed  by  desensitization  of  C-fiber  afferent  pathways  by  capsaicin  pretreatment,  (2)  7-14%  of  LI,  L6  and  SI  DRG 
neurons  innervate  both  colon  and  bladder,  (3)  the  TRPV 1  mRNA  level  is  increased  in  SI  DRG  and  (4)  an  increase  in 
MPO  activity  that  reflect  the  level  of  neutrophil  infiltration  was  seen  in  the  colon,  but  not  in  the  bladder.  These  results 
indicated  that  TNBS-induced  colitis  increased  pain  sensitivity  in  the  bladder  via  activation  of  C-fiber  afferent  pathways 
due  to  colon-to-bladder  cross-sensitization  (Yoshikawa  et  al.,  2014). 

Furthermore,  we  examined  changes  in  colon  and  bladder  activity  after  the  application  of  allyl  isothiocyanate  (AI),  a 
TRPA1  channel  activator,  into  the  colon  in  rats  (Furuta  et  al.,  2014).  We  found  that:  (1)  the  intracolonic  AI  application, 
which  significantly  increased  mean  intracolonic  pressure,  induces  bladder  overactivity  due  to  colon-to-bladder  cross¬ 
sensitization,  which  is  prevented  by  pretreatment  with  HC-030031,  a  TRPA1  inhibitor  and  (2)  Evans  blue  dye 
extravasation  is  significantly  increased  in  the  Al-treated  inflamed  colon  and  also  in  the  bladder  following  intracolonic  AI 
treatment.  These  results  indicate  that  TRPA1  channels  expressed  in  C-fiber  afferent  pathways  greatly  contribute  to  colon- 
to-bladder  cross-sensitization  to  induce  bladder  nociceptive  responses  such  as  bladder  overactivity  (Furuta  et  al.,  2014). 

Additionally,  previous  work  in  phase  1  lent  itself  to  research  conducted  by  the  investigators  concurrently  during  this 
period,  which  looked  at  the  therapeutic  effect  of  a  sensory  neuron-specific  receptor  (SNSR)  agonist  (BAM8-22)  on 
bladder  overactivity  in  a  rat  model  of  cystitis  induced  by  cyclophosphamide  (CYP),  which  was  verified  as  a  cystitis  model 
with  bladder  pain  hypersensitivity  in  the  1st  year  of  this  grant,  and  found  that  activation  of  SNSR  can  suppress  CYP- 
induced  bladder  overactivity,  due  to  suppression  of  bladder  afferent  activity,  suggesting  that  the  SNSR  is  a  potential  target 
for  the  treatment  of  bladder  hypersensitive  disorders  such  as  IC/PBS  (Honda  et  al.,  2014).  Also,  using  patch-clamp 
recording  techniques,  we  reported  that  different  types  of  voltage-gated  potassium  channel  -subunits  such  as  Kvl.4  or 
Kv4. 1/4.3  subunits  are  involved  in  the  control  of  neuronal  excitability  in  somatic  and  visceral  afferent  neurons  including 
bladder  afferent  cells  in  L6-S1  DRG  of  rats  (Yoshimura  et  al.,  2014;  Yunoki  et  al.,  2014). 

2.  LP-NGF  antisense  treatment,  Tissue  analysis 

[Accomplishment]  Therapeutic  effects  of  intravesical  liposome-NGF  antisense  treatment 
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During  the  period  investigators  examined  efficiently  of  liposome-NGF  antisense  treatment  efficacy  for  the 
treatment  of  bladder  nociceptive  responses  in  rat  models  including  TNBS  colitis  rats  (Tyagi  et  al.,  2014, 
Yoshizawa  et  al.,  2014-  AUA  abstract).  TNBS  colitis  was  produced  as  described  above  in  rats,  and  a  day 
before  evoking  TNBS  colitis,  either  liposomes  conjugated  with  phosphorothioate  oligodeoxynucleotide  (OND) 
targeting  NGF  or  saline  (vehicle)  was  instilled  to  the  bladder.  At  10  days  after  TNBS  treatment,  bladder  pain 
behavior  (freezing  induced  by  RTx),  bladder  activity  (cystometry)  during  0.1%  acetic  acid  (AA)  infusion  into 
the  bladder  and  the  mRNA  and  protein  expression  of  NGF  in  the  bladder  mucosa  (RT-PCR,  ELISA  and 
immunohistochemistry)  were  evaluated. 

In  summarizing  our  findings  on  investigation  of  liposome-NGF  antisense  in  a  diseased  animal  during  this 
period  we  found;  (1)  in  the  colitis-saline  group,  the  score  of  freezing  behavior,  which  represents  bladder  pain 
sensation,  is  higher  than  that  of  other  groups  including  the  colitis-OND  group,  (2)  the  ICI  reduction  rate  after 
AA  instillation  into  the  bladder  is  significantly  higher  in  the  colitis-saline  group  than  that  in  the  colitis-OND 
group,  and  (3)  The  mRNA  and  protein  expression  of  NGF  in  the  mucosa  is  significantly  higher  in  the  colitis- 
saline  group  compared  to  the  colitis-OND  group  (Kawamorita  et  al.,  2014-  AUA  &  ICS  abstracts).  These 
results  indicate  that  the  liposome-NGF  antisense  OND  conjugate  is  effective  to  suppress  the  urothelial  NGF 
expression  and  inhibit  bladder  nociceptive  responses  such  as  bladder  pain  behavior  and  bladder  overactivity  in 
TNBS  colitis  rats. 

Aim  2  (Year  2) 

1.  Develop  GMP  LP -NGF  antisense  manufacture  process,  cGMP  documentation/reporting,  and  manufacture 
GMP  LP 

[Accomplishment] 

Preliminary  pilot  production  of  LP-1 1  was  explored  in  the  1st  period  of  the  grant  and  showed  its  viability  using 
only  slightly  modified  facilities.  The  goal  of  this  period’s  effort  was  to  increase  the  scale  and  quality  of  pilot 
production  of  LP-1 1.  Product  candidate  material  that  resulted  from  manufacturing  batches  during  this  year  were 
using  in  experiments  described  in  this  report  and  created  a  small  surpluss  of  the  material  for  future 
investigation. 

The  manufacture  of  LP-1 1  parameters  for  lyophilization  production  of  liposomes  have  been  established  to 
ensure  quality  final  product.  Manufacturing  of  GMP  liposomes  has  been  expanded  during  the  second  period  of 
this  project  to  include  the  incorporation  of  the  NGF  antisense.  Standard  operating  procedures  (SOPs)  have  been 
written  in  accordance  Lipella’s  existing  quality  systems  program  to  further  GMP  compliance  of  the  liposomal 
associated  NGF. 

During  the  period  we  made  several  improvements  to  the  manufacturing  process  to  both  enhance  production 
efficiency  while  also  increasing  quality  assurance  and  control  for  final  products.  These  improvements  allow 
production  to  occur  in  a  more  streamlined  and  efficient  process.  Test  materials  were  manufactured  to  confirm 
and  ensure  final  product  quality  is  maintained  with  the  procedure  improvements  including  removal  of 
unnecessary  steps  in  the  manufacturing  process  as  well  as  finding  suitable  replacements  for  specific  steps  in  the 
process  for  tasks  that  were  previously  more  apt  to  quality  issues  and  gaps  in  processing  time.  This  included  a 
modification  to  the  process,  which  involved  increasing  the  secondary  freezing  stage  in  the  lyophilization  stage 
that  takes  place  in  the  tray  freezer  to  10  hours  at  -40C  to  as  a  replacement  for  the  primary  freezing  step  in  the 
shell  freezer  at  -40C.  This  change  allowed  for  more  consistent  treatment  of  production  materials  as  it  reduced 
lag  time  for  between  filling  and  freezing  individual  batches  of  vials. 

Overall,  at  the  completion  of  this  project  our  objective  is  to  achieve  a  manufacturing  protocol  and  capability  that 
is  compliant  with  the  hopeful  introduction  of  LP-1 1  into  FDA  phase  I  clinical  investigation  (and  beyond  to 
phase  II&III)  and  that  our  process  results  in  a  formulation  that  is  reasonably  safe  to  proceed  with  these  plans 
from  a  production  perspective.  During  this  period  we  are  more  complaint  with  clinical  studies  level  quality  at 
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this  time,  and  during  the  time  of  this  grant,  investigators  will  continue  to  refine  the  manufacturing  process  for 
this  purpose.  In  the  next  period  this  will  include  enhancement  and  validation  of  parts  of  the  SOP. 

3.  Product  specifications/  Biodistribution  assessment 

Development  has  been  performed  during  the  grant  period  to  work  on  a  method  and  for  determining  the  extent  of 
encapsulation  or  entrapment  volume  of  the  siRNA  antisense  and  the  liposomes.  Investigators  in  collaborating 
with  a  CRO  (Ricerca  Biosciences,  LLC)  studied  the  total  oligonucleotide  content  in  phospholipid-based  Lipo- 
siRNA  formulation  using  High  Performance  Liquid — Strong  Ion  Exchange  chromatography  (HPLC-SAX)  with 
UV  detection. 

Analysis  of  Formulation  on  As-Is  Basis  was  performed  first  to  determine  signal  of  total  oligonucleotide  in  the 
formulation.  LP-1 1  powder  was  reconstituted  in  water  for  injection  and  were  used  to  attempt  the  determination 
of  the  Oligonucleotide.  Samples  were  analyzed  on  as-is  basis  and  after  addition  of  authentic  Oligonucleotide. 
Triton  X-100  was  used  to  destroy  (disrupt,  dissolve)  the  micellar  structure  yielding  a  clear  homogeneous 
solution 


Additionally,  samples  of  Lipo-siRNA  reconstituted  formulation  were  analyzed  on  as-is  basis  and  after  addition 
of  Oligonucleotide  authentic  substance  for  verification  of  recovery  (Figure  1). 


SuDernantant  from  Lioo-siRNA  formulation  after  centrifugation 


Phospholipid  rich  fraction  from  Lipo-siRNA  formulation  after 
centrifugation 


V. 


\ 


X 


Oligonucleotide  Spiked 

exneriment 


Fiaure  1 :  UV  chromatoarams  of  suDernatant  and  DhosDholiDid-rich  fraction  after  centrifuaation  of  the  LiDO-siRNA 


Work  on  this  element  of  the  product  application  has  been  useful  in  helping  to  establish  a  better  manufacturing 
process  for  the  product.  These  period  2  findings  suggested  that  the  Oligonucleotide  substance  is  in  degraded 
form  (e.g.  smaller  oligomers)  in  the  LP-1 1  samples  studied.  This  could  be  degrading  the  performance  of  the 
product  and  requires  additional  study  and  refinement  which  is  ongoing.  Further  investigation  will  be  done  to 
determine  particular  manufacturing  steps  that  may  be  critical  for  the  siRNA  antisense  material  or  whether  the 
addition  of  a  protectant  into  the  formulation  would  be  advantageous  and  feasible.  Work  proposed  in  the  SOW 
period  3  including  stress  testing  of  the  product  conform  to  this  objective. 

III.  Research  accomplishments 

•  Validation  of  the  colitis  models  and  development  of  the  new  animal  model  of  chronic  cystitis 

•  Successful  LP-NGF  antisense  treatment  evaluation  in  animal  model 

•  Development  and  pilot  scale  LP-1 1  manufacture 

•  Analysis  on  encapsulation  efficiency  of  liposomes 
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V.  Conclusions 

In  the  second  year  of  the  project,  we  continuing  the  progression  of  LP-1 1  manufacturing,  studied  the  product 
formulation,  conducted  IND  relevant  studies,  and  refined  an  animal  model  to  generate  preclinical  animal  data. 
These  results  support  the  continued  justification  of  the  development  program  into  the  next  project  period.  Study 
on  encapsulation  revealed  additional  formulation  work  to  be  resolved  to  create  a  more  effective  product. 
Additional  manufacturing  refinement  steps  were  are  also  identified  as  improvements  to  make  to  improve  the 
potential  regulatory  assessment  of  the  process.  In  the  next  period  our  goal  is  to  complete  liposome-NGF 
antisense  efficacy  investigation  of  the  disease  model,  and  complete  the  reminder  of  the  originally  proposed 
SOW.  Development  of  LP-1 1  is  exciting.  We  have  begun  assembling  materials  for  anticipated-initial  outreach 
to  the  FDA.  We  hope  work  on  year  3  can  build  upon  previous  findings  and  add  value  to  the  LP-1 1  program. 
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Abstract:  Bladder  pain  syndrome/interstitial  cystitis  is  a  disease  with  lower  urinary  tract 
symptoms,  such  as  bladder  pain  and  urinary  frequency,  which  results  in  seriously  impaired 
quality  of  life  of  patients.  The  extreme  pain  and  urinary  frequency  are  often  difficult  to  treat. 
Although  the  etiology  of  bladder  pain  syndrome/interstitial  cystitis  is  still  not  known,  there  is 
increasing  evidence  showing  that  afferent  hyperexcitability  as  a  result  of  neurogenic  bladder 
inflammation  and  urothelial  dysfunction  is  important  to  the  pathophysiological  basis  of 
symptom  development.  Further  investigation  of  the  pathophysiology  will  lead  to  the  effective 
treatment  of  patients  with  bladder  pain  syndrome/interstitial  cystitis. 

Key  words:  afferent  pathway,  bladder  pain  syndrome,  cytokine,  interstitial  cystitis,  nerve 
growth  factor. 


Introduction 

BPS/IC  is  a  debilitating  chronic  disease  characterized  by  suprapubic  pain  related  to  bladder 
filling,  coupled  with  additional  symptoms,  such  as  increased  day-  and  night-time  urinary  fre¬ 
quency,  without  proven  urinary  infection  or  other  obvious  pathology.1-3  Although  the  symptoms 
presented  might  appear  similar  to  those  of  a  urinary  tract  infection,  urine  culture  shows  no 
underlying  infection  and  there  is  no  response  to  antibiotic  treatment.4,5  It  has  been  estimated  that 
the  prevalence  of  BPS/IC  range  from  1.2  per  100  000  population  and  4.5  per  10  000  females  in 
Japan.6  Although  the  etiology  is  unknown,  theories  explaining  the  pathology  of  BPS/IC  include 
altered  barrier  lining,  afferent  and/or  central  nervous  system  abnormalities,  possible  contribution 
of  inflammatory  or  bacterial  agents  and  abnormal  urothelial  signaling.  Figure  1  presents  the 
proposed  pathogenesis  of  BPS/IC  in  which  there  is  bladder  insult  and  damage  to  the  urothelial 
layer  that,  for  example,  allows  substances  in  urine,  such  as  potassium,  to  leak  into  the 
suburothelium  and  to  prompt  a  cascade  of  events  as  well  as  cross-talk  with  other  pelvic  organs, 
each  contributing  to  bladder  inflammation  and  pain.1  In  the  present  review,  among  these  various 
etiological  factors,  we  focus  on  the  potential  mechanisms  underlying  increased  excitability  of 
bladder  afferent  pathways  in  BPS/IC. 

Plasticity  of  sensory  pathways  inducing 
afferent  hyperexcitability 

Clinical  findings 

As  a  local  mechanism  inducing  afferent  sensitization  and  hyperexcitablity,  it  has  been  proposed 
that  urothelial  dysfunction  that  can  increase  the  amount  of  urothelially-released  substances,  such 
as  adenosine  triphosphate  and  nitric  oxide,  and  subsequent  neurogenic  inflammation  associated 
with  mast  cell  activation  can  lead  to  changes  in  the  properties  of  bladder  afferent  pathways, 
resulting  in  increased  pain  sensation  associated  with  BPS/IC  (Fig.  I).1  Pain  is  a  defining  char¬ 
acteristic  of  BPS/IC.  One  mechanism  by  which  pain  is  induced  is  postulated  to  involve  chronic 
tissue  inflammation  that  can  lead  to  functional  changes  in  C-fiber  afferents.7  Hyperactivity  and 
emergence  of  mechanosensitivity  of  C-fiber  afferents  might  lead  to  pain  sensation  in  response  to 
normal  non-noxious  distension  of  the  bladder.  Indirect  evidence  for  this  postulate  comes  from 
histological  analysis  of  bladders  from  patients  with  BPS/IC,  which  showed  marked  edema, 
vasodilation,  proliferation  of  nerve  fibers  and  infiltration  of  mast  cells.8  Also,  increased  afferent 
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Fig.  1  Proposed  pathogenesis  of  BPS/IC. 


activity  is  evidenced  by  a  statistically  significant  increase  in  the 
number  of  nerve  fibers  expressing  substance  P,  which  is  a  major 
neurotransmitter  of  C-fiber  afferents,  and  the  mRNA  levels  of 
substance  P  receptors  (neurokinin- 1)  in  the  mucosa  of  the 
bladder  in  patients  with  IC.9  It  has  also  been  reported  that 
C-fiber  desensitization  by  means  of  intravesical  application  of 
high-dose  capsaicin  and  resiniferatoxin  is  effective  for  treating 
painful  symptoms  in  BPS/IC  patients,10,11  although  a  prospec¬ 
tive,  randomized  clinical  trial  using  intravesical  resiniferatoxin 
application  was  not  effective  in  patients  with  IC.12  More 
recently,  intravesical  application  of  alkalized  lidocaine,  a  local 
anesthetic,  has  been  shown  to  provide  sustained  amelioration  of 
symptoms  of  BPS/IC  in  a  placebo-controlled,  randomized  clini¬ 
cal  study.13 

Overall,  sensitization  and  enhanced  excitability  of  afferent 
pathways  innervating  the  lower  urinary  tract  is  likely  to  be 
involved  in  the  pathophysiological  basis  of  BPS/IC  (Fig.  2). 

Basic  research  findings 

The  mechanisms  inducing  afferent  sensitization  associated  with 
cystitis  are  further  investigated  using  various  animal  models  of 
bladder  inflammation,  in  which  increased  urinary  frequency  is 
initiated  by  sensitizing  mechanosensitive  afferents  and/or 
recruitment  of  afferents  normally  unresponsive  to  mechanical 
stimulation.14-17  Additionally,  pro-inflammatory  agents,  such  as 
prostaglandin  E2,  serotonin,  histamine  and  adenosine;  as  well 
as  neurotrophic  factors,  such  as  NGF,  can  induce  functional 
changes  in  C-fiber  afferents  that  can  lead  to  these  relatively 
unexcitable  afferents  becoming  hyperexcitable. 18-21  Tissue 
inflammation  in  the  bladder  can  also  induce  changes  in  the 
expression  of  various  neurochemical  markers  in  the  bladder 
and  bladder  afferent  pathways.  Using  an  animal  model  of 
chronic  bladder  inflammation  induced  by  cyclophosphamide,  it 


has  been  reported  that  the  expression  of  nitric  oxide 
synthase,22  growth-associated  protein,23  pituitary  adenylate 
cyclase-activating  polypeptide,24  neuropeptides  such  as  sub¬ 
stance  P,25  protease  activated  receptors,26  cyclooxygenase-2  and 
prostaglandins  are  increased  in  afferent  neurons  in  lumbosacral 
DRG,  innervating  the  bladder  in  rats  with  CYP-induced  chronic 
cystitis.  Thus,  it  is  likely  that  chronic  bladder  inflammation 
can  induce  various  changes  in  the  expression  of  inflammation- 
related  proteins/receptors  in  the  bladder  and  bladder  affe¬ 
rent  pathways,  and  that  these  changes  might  contribute  to 
afferent  neuroplasticity,  leading  to  pain  symptoms  in  BPS/IC 
(Fig.  2). 

Organ  cross-talk  and  BPS/IC 

It  has  been  demonstrated  that  BPS/IC  patients  often  exhibit 
high  comorbidity  of  other  visceral  pain  syndromes,  such  as 
irritable  bowel  syndrome.27  Recent  animal  studies  have  shown 
that  interactions  with  bidirectional  cross-sensitization  can 
occur  between  the  bladder  and  intestine  or  female  reproductive 
organs.  For  example,  chemically-induced  colitis  in  rats  induces 
urinary  frequency,  bladder  afferent  fiber  hyperexcitability  and 
mast  cell  infiltration  in  the  bladder,28-30  and  release  of 
neuropeptides  such  as  substance  P  and  calcitonin  gene -related 
peptide  in  the  bladder,31  and  increases  excitability  of  bladder 
afferent  neurons.32  In  addition,  17%  of  rat  DRG  neurons  are 
double-labeled  after  dye  injection  into  the  bladder  and  colon 
wall  of  the  rat,  showing  the  existence  of  dichotomized  afferents 
innervating  multiple  visceral  organs  that  could  contribute  to 
cross-organ  sensitization  of  visceral  organs.33  In  addition, 
another  potential  site  for  organ  cross-talk  could  be  found  at  the 
spinal  cord  level,  because  acute  colitis  in  rats  reportedly  sensi¬ 
tizes  spinal  neurons  receiving  input  from  the  bladder  in  the 
dorsal  horn  of  the  spinal  cord. 
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Fig.  2  Summary  of  the  events  involved  in  chronic 
inflammation  of  the  bladder  and  hyperexcitability  of 
C-fiber  bladder  afferent  pathways.  The  events  that 
occur  after  chronic  bladder  inflammation  (1)  are 
shows  in  sequential  numbers  (2-5).  Potential  thera¬ 
peutic  modalities  targeting  enhanced  synaptic 
transmission  atthe  spinal  cord  level  or  inflammatory 
changes  in  the  bladder  are  also  shown  in  the  boxes. 


Neurotrophic  factor  and 
afferent  hyperexcitability 

Neurotrophic  factors,  such  as  NGF,  can  be  synthesized  by 
various  inflammatory  cells,  such  as  lymphocytes  and  mast  cells, 
and  might  function  as  a  prominent  factor  linking  hypersensitiv¬ 
ity  and  development  of  pain  with  various  inflammatory  states, 
including  airway,  allergic  or  neurogenic  inflammation  including 
BPS/IC.34,35  In  patients  with  IC,  neurotrophins,  including  NGF, 
neurotrophin-3  and  glial-derived  neurotrophic  factor,  have  been 
detected  in  the  urine.36  Increased  expression  of  NGF  is  also 
present  in  bladder  biopsies  from  women  with  IC.37  Thus,  target 
organ-neural  interactions  mediated  by  an  increase  of  neuro¬ 
trophins  in  the  bladder  and  increased  transport  of  neurotrophins 
to  the  neuronal  cell  bodies  in  afferent  pathways  might  contrib¬ 
ute  to  the  emergence  of  bladder  pain  in  BPS/IC.38  Furthermore, 
the  monoclonal  NGF  neutralizing  antibody,  tanezumab,  has 
been  included  in  the  clinical  testing  program,  and  encouraging 
results  of  the  phase  two  efficacy  study  have  been  presented. 
Tanezumab  improved  the  self-reported  pain  score  and  urgency 
episode  frequency  6  weeks  after  a  single  intravenous  injection 
200  jug/kg  in  a  cohort  of  68  patients  with  BPS/IC.39  Tanezumab 
had  no  significant  effect  on  micturition  frequency  or  mean 
voided  volume  per  micturition.  Among  adverse  effects,  abnor¬ 
mal  peripheral  sensation  symptoms,  such  as  paresthesia  and 
hyperesthesia,  were  more  common  in  the  treatment  arm  when 
compared  with  a  placebo.39  Although  clinical  studies  were  put 
on  hold  after  the  reports  of  bone  necrosis  requiring  total  joint 
replacements  in  clinical  trials  for  ostheoarthritis  (http:// 
www.clinicaltrials.gov),  proof-of-concept  evidence  has  been 
provided  for  the  effectiveness  of  systemic  intervention  in  the 
NGF  system  in  the  treatment  of  BPS/IC. 

In  basic  research  using  a  rat  model  of  cyclophosphamide- 
induced  chronic  cystitis,  increased  expression  of  neurotrophic 
growth  factors,  such  as  NGF,  brain-derived  neutotrophic  factor 


and  ciliary  neurotrophic  factor,  in  the  bladder  as  well  as 
phosphorylation  of  tyrosine  kinase  receptors  (TrkA,  TrkB)  in 
bladder-innervating  afferent  neurons  has  been  documented  as 
direct  evidence  for  neurotrophin-mediated  signal  transduction 
in  chronic  bladder  inflammation.  In  addition,  the  enhanced 
neurotrophic  factor  mechanisms  were  also  associated  with 
increased  phosphorylated  CREB  in  bladder  afferent  neurons, 
and  a  subpopulation  of  phosphorylated-CREB-positive  cells 
co-expressed  phophorylated-Trk  in  rats  with  chronic  cystitis.40 
Furthermore,  resiniferatoxin,  a  C-fiber  neurotoxin,  reduced 
CYP-induced  upregulation  of  phosphorylated-CREB  in  DRG, 
suggesting  that  cystitis  can  be  linked  with  an  altered 
CREB  phosphorylation  in  capsaicin-sensitive  C-fiber  bladder 
afferents.40  These  results  suggest  that  upregulation  of 
phosphorylated-CREB  might  be  mediated  by  a  neurotrophin/ 
Trk  signaling  pathway,  and  that  CREB  phosphorylation  could 
play  a  role  as  a  transcription  factor  in  lower  urinary  tract  plas¬ 
ticity  induced  by  cystitis.  Previous  studies  also  showed  that 
exogenous  NGF  can  induce  bladder  nociceptive  responses  and 
bladder  overactivity  in  rats  when  applied  acutely  into  the 
bladder  lumen15,41  or  chronically  to  the  bladder  wall  or  intrath¬ 
ecal  space.42  Turpentine  oil-induced  cystitis  instillation  exag¬ 
gerated  micturition  reflexes  and  visceral  hyperalgesia  within 
hours,  resembling  symptoms  of  human  BPS/IC,  and  was  asso¬ 
ciated  with  increased  NGF  mRNA  level  in  the  bladder  43  Impor¬ 
tantly,  under  these  experimental  conditions,  hyperexcitability  of 
the  bladder15  and  viscerosomatic  hyperalgesia44  can  be  pre¬ 
vented  with  recombinant  fusion  protein  of  extracellular  TrkA 
domain  with  the  fragment  crystallizable  portion  of  immuno¬ 
globulin  G  to  neutralize  NGF,  confirming  the  causal  role 
of  NGF.  Along  with  modulation  of  NGF  bladder  levels, 
upregulation  and  a  shift  in  spatial  expression  of  both  NGF 
receptors  in  nerves  was  reported  in  CYP  cystitis.  After  the  CYP 
injection,  TrkA  seems  to  be  upregulated  in  DRG,45  the  major 
pelvic  ganglion  and  bladder  smooth  muscle,  while  being 
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downregulated  in  the  urothelium.46  Similarly,  p75NTR 
immunoreactivity  was  markedly  increased  in  bladder  nerve 
fibers,  Schwann  cells,  the  spinal  cord  and  bladder  afferent 
neurons.47,48  Focusing  on  BPC/IC-related  hyperalgesia,  rather 
than  bladder  hyperactivity,  Guerrios  et  al.  found  that  CYP- 
induced  peripheral  hyperalgesia  to  mechanical  stimulation  in 
mice  was  abolished  by  NGF  antiserum  or  k252a,  a  non-specific 
TrkA  antagonist,  but  did  not  affect  edema  in  the  bladder  wall, 
leukocyte  infiltration  or  hemorrhage.49,50  The  role  of  the  low- 
affinity  p75NTR  receptor  was  also  implicated  in  a  study  by 
showing  that  blockade  of  p75NTR  with  monoclonal  antibody, 
effectively  reducing  p75  immunoreactivity  in  the  bladder, 
induces,  rather  than  limits,  hyperreflexia  both  in  control  and 
CYP  cystitis  rats,  as  reflected  by  increased  frequency  of  voiding 
and  reduced  intercontraction  intervals.47  Additionally,  preven¬ 
tion  of  NGF  binding  to  p75NTR  with  PD90780  increased  voiding 
frequency  with  decreased  voiding  volume,  intercontraction 
intervals,  increased  threshold,  baseline  and  micturition  pressure 
in  cystitis  rats. 

Taken  together,  there  exists  some  evidence  favoring  interven¬ 
tion  in  the  NGF  system  as  a  viable  therapeutic  target  amelio¬ 
rating  specifically  sensory  and  painful  symptoms  associated 
with  BPS/IC.  As  aforementioned,  a  recent  clinical  trial  showed 
that  systemic  administration  of  monoclonal  human  NGF  anti¬ 
bodies  reduces  bladder  pain  symptoms  in  BPS/IC  patients; 
however,  generalized  blockade  of  NGF  activity  at  sites  other 
than  the  bladder  using  systemic  anti-NGF  antibodies  was  asso¬ 
ciated  with  the  incidence  of  paresthesia,  hypoesthesia  and  bone 
necrosis.39  Thus,  the  site-specific  reduction  of  NGF  would  be 
desirable  to  reduce  the  intrinsic  toxicity  from  systemic  block¬ 
ade  of  NGF.  In  this  regard,  we  recently  reported  that  treatment 
with  intravesical  liposomal  antisense  suppresses  NGF  expres¬ 
sion  in  the  urothelium,  as  well  as  bladder  overactivity  and 
chemokine  upregulation  using  rats  with  acetic  acid  induced 
bladder  over  activity. 51  Thus,  local  suppression  of  NGF  in  the 
bladder  using  intravesical  liposome-based  delivery  techniques 
could  be  an  attractive  approach  for  BPS/IC  treatment,  which 
can  avoid  systemic  side-effects  that  might  be  associated  with 
non-specific  blockade  of  NGF  expression  (Fig.  2). 

Potential  modalities  targeting 
hyperexcitable  bladder  afferent 
pathways  for  the  treatment  of  BPS/IC 

Sensitization  of  bladder  afferent  pathways,  especially  of  the 
C-fiber  population,  and  a  subsequent  increase  in  sensory  pro¬ 
cessing  in  the  spinal  cord  have  been  proposed  as  important 
mechanisms  inducing  pain/irritative  symptoms  associated  with 
BPS/IC.52  Thus,  therapies  aiming  to  reduce  sensory  processing 
in  the  spinal  cord,  which  is  increased  as  a  result  of  afferent 
hyperexcitability,  could  be  effective  for  reducing  symptoms  in 
BPS/IC  patients  (Fig.  2).  In  the  following  sections,  we  discuss 
the  potential  targets  that  can  suppress  bladder  afferent  activity 
for  the  treatment  of  BPS/IC,  based  on  recent  research  results 
including  ours. 

Opioids 

Opioids  are  the  abundantly-expressed  inhibitory  neurotransmit¬ 
ter.  Patients  with  BPS/IC  often  have  severe  and  refractory 


bladder  pain  that  is  resistant  to  non-steroidal  anti-inflammatory 
drugs,  requiring  long-acting  opioids.53  However,  the  use  of  sys¬ 
temic  opioid  therapy,  such  as  morphine  or  oxycodone,  has  been 
limited  because  of  its  untoward  side-effects,  tolerance  and 
dependency.  Enkephalins,  which  are  a  subfamily  of  endogenous 
opioids,  are  expressed  in  bladder  afferent  and  efferent  pathways 
to  inhibit  micturition.54  Enkephalinergic  mechanisms  in  the 
brain  and  spinal  cord  also  have  inhibitory  effects  on  the  mictu¬ 
rition  reflex,  and  exogenous  enkephalins  or  opiate  drugs  applied 
to  the  sacral  spinal  cord  can  suppress  micturition.55 

Replication-deficient  HSV  vectors  encoding  preproen¬ 
kephalin,  one  of  three  genes  that  encode  endogenous  opioid 
peptides,  injected  into  the  bladder  wall  showed  reductions  in 
bladder  overactivity  and  nociceptive  behavior  induced  by 
intravesical  application  of  capsaicin,  whereas  vector-mediated 
expression  of  enkephalin  did  not  affect  normal  voiding.56,57 
These  results  provide  the  proof  of  concept  for  a  new  gene 
therapy  approach  to  enhance  endogenous  opioid  mechanisms 
and  reduce  systemic  side-effects  for  the  treatment  of  bladder 
hypersensitive  disorders,  such  as  BPS/IC. 

Another  study  reported  the  antinociceptive  effect  of  human 
pro-opiomelanocortin  (POMC),58  which  encodes  (3-endorphin, 
another  endogenous  opioid  peptide,  which  activates  p-opioid 
receptors  on  sensory  neurons  and  inhibits  pain  in  the  inflamed 
tissue.59,60  Intravesical  instillation  of  acetic  acid  during  cysto- 
metrograms  shortened  the  intercontraction  interval  in  control 
animals,  but  not  in  rats  treated  with  POMC  genes  delivered  by 
gene  gun  into  the  bladder  wall.  The  effects  of  the  POMC  gene 
gun  injection  were  reversed  by  an  intramuscular  injection  of  the 
opiate  receptor  antagonist,  naloxone,  supporting  an  opioid 
receptor-mediated  analgesic  mechanism  of  action.58 

Overall,  opioid  gene  therapy  targeting  the  bladder  and 
bladder  afferent  pathways  could  be  an  effective  modality  for  the 
treatment  of  intractable  pain  symptoms  of  BPS/IC  while  reduc¬ 
ing  systemic  side-effects. 

Adenosine  receptors 

Adenosine  is  a  neurotransmitter  that  exerts  numerous  physio¬ 
logical  effects  in  many  organs.  Recently,  a  number  of  studies 
showed  that  activation  of  Al  receptors  produces  antino¬ 
ciception  in  several  pain  models,61  and  inhibition  of  A2A  recep¬ 
tors  attenuates  nociceptive  responses  in  mouse  models  of 
somatic  pain.62,63  Our  recent  study  has  also  shown  that,  in  rats 
with  irritated  bladders  induced  by  intravesical  acetic  acid  appli¬ 
cation,  intravenous  or  intrathecal  ZM24138  (A2A  receptor- 
antagonist)  significantly  reduces  bladder  overactivity  with 
significantly  greater  effects  compared  with  those  in  untreated 
rats.52  These  results  show  that  adenosine  A2A  receptor- 
mediated  excitatory  mechanisms  are  enhanced  in  the  spinal 
cord  after  C-fiber  bladder  afferent  stimulation.  Thus,  adenosine 
A2A  receptor  antagonists  might  be  effective  for  the  treatment 
of  bladder  hypersensitive  disorders,  such  as  BPS/IC,  in  which 
C-fiber  afferent  function  is  enhanced  (Fig.  2). 

GlyT  system 

Glycine,  one  of  the  major  inhibitory  neurotransmitters  in  the 
central  nervous  system,  is  well  known  to  have  a  role  in  the 
control  of  spinal  nociceptive  pathways64  and  lower  urinary  tract 
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function  in  both  physiological  and  pathological  conditions.65-67 
The  extracellular  concentration  of  glycine  at  synapses  is  regu¬ 
lated  by  two  types  of  Na+/Cl-  dependent  GlyT:  GlyTl  and 
GlyT2.68  GlyTl  is  widely  distributed  in  the  central  nervous 
system  and  predominantly  expressed  in  glial  cells  near  both 
excitatory  and  inhibitory  neurons,  whereas  GlyT2  is  specifi¬ 
cally  distributed  in  the  spinal  cord,  cerebellum  and  brainstem, 
and  localized  in  the  presynaptic  terminals  of  inhibitory 
glycinergic  neurons.68-70 

Recent  studies  have  suggested  a  therapeutic  potential  for 
GlyT  inhibitors  in  the  treatment  of  acute/chronic  pain.71,72 
Therefore,  we  have  examined  the  effects  of  GlyT  inhibitors 
on  bladder  overactivity  and  pain  behavior  in  rats.73 
Cystometrogram  parameters  were  used  to  determine  the  effects 
of  selective  GlyT2  inhibitors  administered  intrathecally  to 
CYP-treated  rats  under  urethane  anesthesia.  In  addition, 
intravesical  administration  of  resiniferatoxin  was  used  to  induce 
nociceptive  responses  in  a  behavioral  study  in  conscious  rats. 
A  selective  GlyT2  inhibitor  (ALX-1393),  but  not  a  GlyTl 
inhibitor  (sarcosine),  produced  significant  increases  in  inter¬ 
contraction  interval  and  micturition  pressure  threshold  in  CYP- 
treated  rats.  These  effects  were  completely  reversed  by  the 
glycine  receptor  antagonist,  strychnine.  The  GlyT2  inhibitor 
also  significantly  suppressed  nociceptive  behaviors  in  a  dose- 
dependent  manner.  Compared  with  GlyTl,  mRNA  levels  of 
GlyT2  were  23 -fold  higher  in  the  dorsal  spinal  cord.  Results 
show  that  GlyT2  is  primarily  involved  in  the  clearance  of 
extracellular  glycine  in  the  spinal  cord,  and  that  GlyT2  inhibi¬ 
tion  leads  to  reduction  of  CYP-induced  bladder  overactivity  and 
pain  behavior. 

Therefore,  inhibition  of  GlyT2,  but  not  GlyTl,  could  be  a 
novel  therapeutic  modality  for  the  treatment  of  bladder  hyper¬ 
sensitive  disorders,  such  as  BPS/IC,  without  affecting  the 
glycinergic  mechanism  in  the  brain  (Fig.  2). 

Inflammatory  and  immunogenic 
mechanisms  of  BPS/IC 

Cytokine  and  chemokine  expression 
and  BPS/IC 

Although  the  etiology  of  BPS/IC  is  not  fully  understood, 
bladder  inflammation  associated  with  the  production  of  inflam¬ 
matory  cytokines/chemokines  has  been  proposed  as  a  potential 
cause  of  pathogenesis  of  the  disease  to  induce  afferent 
hyperexcitability.74,75  In  previous  studies,  cytokines  and 
chemokines,  such  as  IL-2,  IL-6,  IL-8  and  TNF-a,  were  signifi¬ 
cantly  increased  in  BPS/IC  patients’  bladder  tissue  and  urine 
than  in  controls,  suggesting  that  these  cytokines  might  represent 
specific  markers  of  BPS/IC.74,76,77  In  contrast,  IL-4  is  a  prototypi¬ 
cal  anti-inflammatory  cytokine,  which  is  known  to  inhibit  secre¬ 
tion  of  inflammatory  cytokines,  such  as  IL-1  (3,  TNF-a  and 
IL-6.78-80  BPS/IC  patients  have  shown  lower  levels  of  IL-4  that 
increased  after  treatment  with  a  drug  (suplatast  tosilate)  that 
altered  the  BPS/IC  phenotype  and  symptoms  in  these  BPS/IC 
patients,80  suggesting  that  IL-4  could  provide  a  desired  anti¬ 
inflammatory  effect  that  can  alter  the  overall  cytokine  profile  and 
subsequent  recruitment  of  T  cells  and  mast  cells. 

Chemokines  also  play  a  pivotal  role  in  the  immune  response, 
leading  the  recruitment  of  leukocytes  to  inflammation,  tumor 


growth,  angiogenesis  and  organ  sclerosis.81  CXCR3  and 
its  associated  ligands,  monokine  induced  by  IFN-y  (MIG/ 
CXCL9),  IFN-y-inducible  protein  (IP-10/CXCL10),  and  IFN- 
y-inducible  T  cell  a-chemoattractant  (I-TAC/CXCL11)  are 
involved  in  the  regulation  of  autoimmune  disorders  of  endo¬ 
crine  glands.  CXCR3  was  initially  identified  on  activated  T 
cells  and  its  expression  was  associated  with  T  helper-mediated 
immune  response.82,83  CXCR3  expresses  in  epithelial  cells, 
endothelial  cells  and  vascular  pericytes. 

It  has  been  reported  that  after  IFN-y  stimulation,  endocrine 
epithelial  cells  secrete  CXCL10,  which  in  turn  recruits  type  1 
T  helper  lymphocytes  expressing  CXCR3  and  secreting  IFN-y, 
thus  perpetuating  autoimmune  inflammation,  suggesting  that 
the  chemokines  play  an  important  role  in  endocrine  autoim¬ 
munity.81  Sakthivel  et  al.  showed  that  serum  levels  of  CXCL9, 
CXCL10  and  CXCL11  were  increased  in  patients  with  IC.84 
They  also  showed  that  the  number  of  CD4+  T  cells,  mast  cells, 
natural  killer  cells,  and  natural  killer  T  cells  were  increased  at 
systemic  (spleen)  and  peripheral  (urinary  bladder  and  iliac 
lymph  nodes)  sites  in  a  mouse  model  of  CYP-induced  cystitis. 
Importantly,  CXCL10  blockade  attenuated  these  increases 
caused  by  CYP.84  We  also  investigated  genes  responsible  for 
ulcerative  IC  among  over  40  000  genes  using  microarray 
analysis.76  We  have  identified  564  probes  that  were  signifi¬ 
cantly  expressed  ( P  <  0.001)  in  mRNA  by  more  than  fourfold 
compared  with  the  control  group  by  using  the  volcano  plot 
analysis.  Further  ingenuity  pathways  analysis  of  these  genes 
showed  the  top  three  functions,  such  as  cell-to-cell  signaling 
and  interaction,  hematological  system  development  and  func¬ 
tion,  and  inflammatory  disease.  In  particular,  we  confirmed  the 
increases  in  mRNA  expression  of  several  genes  in  the  bladder 
from  ulcerative  IC,  including  CXC3 -binding  chemokines 
(CXCL9,  10  and  11)  and  TNFSF14.  CXCR3  and  its  binding 
chemokines  are  upregulated  in  the  bladder  urothelium  of 
ulcerative  BPS/IC  patients,  which  might  inhibit  the  bladder 
urothelial  growth  and  induce  the  ulcerative  changes  in  the 
bladder.  In  addition,  it  should  be  noted  that  the  European 
Society  for  the  Study  of  Interstitial  Cystitis  proposed  that 
Hunner’s  “  ‘ulcer’  ”  is  not  a  typical  chronic  ulcer,  but  rather  a 
distinctive  inflammatory  lesion  presenting  a  characteristic  deep 
rupture  through  the  mucosa.  The  term,  “Hunner’s  ulcer”, 
should  be  replaced  by  “Hunner’s  lesion”,  and  the  patients  with 
Hunner’s  lesion  should  be  classified  into  the  European  Society 
for  the  Study  of  Interstitial  Cystitis  type  3. 85  Our  recent  study 
using  multiplex  analysis  of  23  cytokines/chemokines  with  a 
multiple  antigen  bead  assay  also  investigated  the  cytokine/ 
chemokine  profile  in  bladder  tissue  and  urine  of  BPS/IC 
patients,  and  found  that  vascular  cell  adhesion  molecule- 1  and 
intercellular  adhesion  molecule- 1  were  useful  for  the  discrimi¬ 
nation  of  both  tissue  and  urine  samples  of  BPS/IC  patients 
from  control  patients.86 

Gene  therapy  for  modulating  the 
cytokine  level 

TNF-a  is  a  pro-inflammatory  mediator  that  initiates  inflamma¬ 
tory  reactions  of  the  innate  immune  system:  induction  of  other 
cytokine  production,  activation  and  expression  of  adhesion 
molecules,  and  stimulation  and  recruitment  of  inflammatory 
cells.87  Additionally,  it  is  essential  in  the  development  of 
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nociception,  not  just  in  inflammatory  pain,  but  also  in 
neuropathic  pain.88  Many  studies  have  reported  that  TNF-a 
influences  pain  sensation  in  the  peripheral  tissue  and  the  spinal 
cord.89  When  TNF-a  activity  is  neutralized  using  anti-TNF-a 
antibody  or  TNF-asR,  the  development  of  nociception 
is  suppressed,  as  has  been  observed  in  several  rat  pain 
models.89-91 

Recently,  gene  therapy  of  TNF-asR  using  replication- 
deficient  HSV  vectors  has  been  investigated  for  bladder  pain  and 
urinary  frequency  using  a  rat  model  of  chemically-induced 
cystitis.92  Although  TNF-a  mRNA  in  the  bladder  was  upregu- 
lated  by  the  intravesical  administration  of  resiniferatoxin  (a 
TRPV1  receptor  agonist),  the  increase  in  TNF-a  protein  levels 
was  suppressed  in  TNF-asR-expressing  vector-treated  rats, 
showing  that  HSV  vector-delivered  TNF-asR  neutralized 
TNF-a  proteins  increased  by  bladder  irritation.  The  suppression 
of  TNF-a  protein  leads  to  the  downregulation  of  IL-1  (3  and  IL-6, 
as  well  as  a  reduction  in  myeloperoxidase  activity  in  the 
resiniferatoxin- treated  bladder.  Moreover,  TNF-a  blockade 
reduced  pain  sensation  and  bladder  overactivity  induced  by 
intravesical  instillation  of  resiniferatoxin. 

Another  approach  investigated  for  bladder  pain  is  the  HSV 
vector-mediated  delivery  of  IL-4  to  the  bladder  and  bladder 
afferent  pathways.  IL-4  is  a  prototypical  anti-inflammatory 
cytokine,  known  to  inhibit  the  secretion  of  inflammatory 
cytokines,  such  as  IL-1  (3,  TNFa  and  IL-6.78,79  In  contrast  to 
TNFa  or  IL-6,  IL-4  is  decreased  in  the  urine  of  BPS/IC 
patients,  and  then  increases  after  the  treatment  of  suplatast 
tosilate,  an  anti-allergic  drug.80  In  rats,  IL-4  expression  after 
HSV  vector  administration  to  the  plantar  foot  surface  reduced 
in  nociceptive  behaviors  after  painful  insult.93  The  effect  of  IL-4 
delivered  by  HSV  vector  on  bladder  overactivity  and 
nociceptive  behaviors  has  been  evaluated  previously.94  The  IL-4 
protein  level  was  increased  in  the  bladder  and  L6  DRG  in 
IL-4-expressing  HSV-injected  rats,  and  myeloperoxidase  activ¬ 
ity  and  IL-1 13  were  decreased  in  the  bladder  of  the  rat  with 
chemically-induced  cystitis,  in  which  bladder  overactivity  and 
nociceptive  behaviors  were  also  suppressed.94 

Overall,  gene  therapy  targeting  cytokine  production  in  the 
bladder  could  be  a  new  modality  for  the  treatment  of  bladder 
hypersensitive  disorders,  such  as  BPS/IC,  which  is  associated 
with  increased  production  of  inflammatory  cytokines/ 
chemokines  (Fig.  2). 

Conclusion 

Although  various  etiologies  of  BPS/IC  have  been  proposed  as 
described  in  the  present  review,  no  one  pathological  process  has 
been  identified  in  every  patient  with  BPS/IC.  Thus,  it  is  likely 
that  the  syndrome  of  BPS/IC  could  have  multiple  etiologies, 
all  of  which  result  in  similar  clinical  manifestations  (Fig.  1), 
and  that  afferent  hyperexcitiablity  would  be  an  important 
pathophysiological  basis  of  BPS/IC,  for  which  various  thera¬ 
peutic  modalities  could  be  developed  (Fig.  2). 
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Purpose.  The  following  review  focuses  on  the  recent  advancements  in  intravesical  drug  delivery,  which  brings  added  benefit 
to  the  therapy  of  detrusor  overactivity  and  interstitial  cystitis/painful  bladder  syndrome  (IC/PBS).  Results.  Intravesical  route  is 
a  preferred  route  of  administration  for  restricting  the  action  of  extremely  potent  drugs  like  DMSO  for  patients  of  interstitial 
cystitis/painful  bladder  syndrome  (IC/PBS)  and  botulinum  toxin  for  detrusor  overactivity.  Patients  who  are  either  refractory  to 
oral  treatment  or  need  to  mitigate  the  adverse  effects  encountered  with  conventional  routes  of  administration  also  chose  this  route. 
Its  usefulness  in  some  cases  can  be  limited  by  vehicle  (carrier)  toxicity  or  short  duration  of  action.  Efforts  have  been  underway 
to  overcome  these  limitations  by  developing  liposome  platform  for  intravesical  delivery  of  biotechnological  products  including 
antisense  oligonucleotides.  Conclusions.  Adoption  of  forward-thinking  approaches  can  achieve  advancements  in  drug  delivery 
systems  targeted  to  future  improvement  in  pharmacotherapy  of  bladder  diseases.  Latest  developments  in  the  field  of  nanotechnology 
can  bring  this  mode  of  therapy  from  second  line  of  treatment  for  refractory  cases  to  the  forefront  of  disease  management. 


1.  Introduction 

Intravesical  therapies  have  demonstrated  varying  degrees  of 
efficacy  and  safety  in  treatment  of  interstitial  cystitis/painful 
bladder  syndrome  (IC/PBS)  [1]  and  overactive  bladder  OAB 
[2] .  Pharmacotherapy  by  this  route  provides  high  local  drug 
concentrations  in  the  bladder  with  low  risk  of  systemic  side 
effects  [3].  Conventional  therapies  for  OAB  and  detrusor 
overactivity  (DO),  either  neurogenic  or  idiopathic,  have  lim¬ 
ited  efficacy  and  acceptability  Anticholinergic  medications, 
which  are  currently  the  mainstay  of  the  treatment  of  OAB, 
are  not  always  effective  and  often  have  undesirable  side  effects 
such  as  dry  mouth  and  constipation  [4] .  Therefore,  search  for 
alternative  therapies  directed  against  local  targets  with  fewer 
side  effects  is  encouraged. 

The  IC/PBS  syndrome  is  characterized  by  pelvic  pain 
and  urinary  storage  symptoms  (e.g.,  urinary  urgency  and 
frequency).  The  O’Leary-Sant  symptom  and  problem  score 


(interstitial  cystitis  symptom  index  (ICSI)  and  problem  index 
(ICPI))  is  recognized  as  one  of  the  most  reliable  and  valid 
instruments  to  identify  the  extent  of  bothersome  symptoms 
and  the  most  prominent  voiding  and  painful  symptoms 
in  IC/PBS  patients  [5,  6].  Pentosan  polysulfate,  PPS,  is  a 
synthetic  sulphated  polysaccharide  and  is  the  only  approved 
oral  drug  for  IC/PBS,  but  it  requires  daily  administration 
for  6  months  before  any  benefit  accrues  for  the  patients 
[7,  8].  Less  than  one-tenth  of  oral  dose  is  excreted  into  the 
urine  of  IC/PBS  patients,  which  is  considered  to  replenish 
the  damaged  glycosaminoglycan  GAG  layer  and  reduce  the 
influx  of  potassium  back  into  bladder  from  urine. 

Orally  administered  agents  are  often  unable  to  cre¬ 
ate  effective  luminal  drug  concentration  due  to  low  uri¬ 
nary  excretion  of  drugs,  which  justifies  bladder  instillation. 
Replacement  of  GAG  layer  by  intravesical  administration  of 
hyaluronic  acid  has  been  successfully  tried  in  IC/PBS  patients 
[9].  Intravesical  therapy  also  holds  the  potential  to  facilitate 
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the  separation  of  therapeutic  actions  from  side  effects  by 
involving  a  diverse  array  of  novel  chemical,  pharmacolog¬ 
ical,  and  formulation  strategies.  However,  drug  delivery  by 
intravesical  route  is  constrained  by  the  impermeability  of 
the  urothelium,  short  duration  of  action,  and  the  need  for 
frequent  administration. 

The  urinary  bladder  lining  is  the  most  impermeable  bar¬ 
rier  in  the  human  body  [10, 11].  Therefore,  therapies  delivered 
directly  to  the  bladder  lumen  have  limited  opportunity  for 
systemic  distribution,  which  typically  leads  to  fewer  side 
effects.  In  addition,  the  mechanisms  for  locally  delivered 
therapies  can  be  independent  of  existing  oral  therapies,  and 
in  some  cases,  an  additive  effect  can  provide  compelling 
comarketing  opportunities  [12].  We  will  review  the  current 
understanding  of  urothelium  structure  and  role  of  intravesi¬ 
cal  drug  delivery  in  unmasking  the  pharmacological  function 
of  different  receptors  expressed  on  its  luminal  surface. 

2.  Urothelium 

Recent  investigations  have  revealed  that  the  urothelium  is 
not  just  a  physical  barrier  between  blood  and  urine  but  can 
express  a  host  of  receptors  having  a  functional  significance  in 
micturition  reflex.  The  recent  identification  of  a  cannabinoid, 
nicotinic,  neurokinin  receptors  and  potassium  ion  channels 
in  urothelium  [13-16]  have  revealed  the  role  of  urothelium  as 
an  excitable  cell  layer  in  bladder  that  responds  to  stretch  and 
convey  messages  to  underlying  afferents  in  bladder.  There  is 
also  mounting  evidence  to  demonstrate  expression  of  adren¬ 
ergic,  bradykinin,  and  transient  receptor  potential  (TRP) 
receptors  in  urothelium  and  in  proximity  of  afferent  nerves 
[17,  18].  Urothelium  is  the  primary  nonneuronal  source  for 
the  release  of  molecules  such  as  adenosine  triphosphate 
(ATP),  acetylcholine,  and  nitric  oxide,  which  are  known  to 
affect  micturition  [19, 20] .  Intravesical  therapy  can  be  used  to 
unravel  the  pharmacology  of  these  receptors  and  paracrine 
messengers  released  from  urothelium  [21,  22]. 

3.  Muscarinic  Receptors 

It  is  widely  accepted  that  oral  antimuscarinics  act  on  mus¬ 
carinic  receptors  in  the  detrusor  for  managing  the  symptoms 
of  DO  and  OAB.  Conventional  wisdom  largely  ignores  the 
role  of  muscarinic  receptors  expressed  on  urothelium  [23]. 
Muscarinic  receptors  expressed  on  urothelium  are  believed 
to  be  involved  in  afferent  signaling  for  micturition  [23].  The 
afferent  signals  are  believed  to  be  generated  from  the  basal 
nonneuronal  acetylcholine  released  during  the  storage  phase 
from  urothelium  to  enhance  the  myogenic  contractile  activity 
of  the  detrusor  [19,  20]. 

Theoretically  speaking,  not  only  can  receptors  expressed 
on  the  urothelium  be  influenced  by  antimuscarinics  via  the 
bloodstream,  but  also  few  selected  antimuscarinics  and  their 
active  metabolites  can  affect  the  muscarinic  receptors  from 
the  luminal  side  following  their  excretion  into  urine  [12]. 
Alternative  mode  of  action  for  two  antimuscarinic  drugs, 
trospium  and  solifenacin,  was  demonstrated  by  our  group 
[21, 22] .  DO  in  the  rat  was  mimicked  by  intravesical  carbachol 


[21,  22].  Urine  collected  from  human  volunteers  who  took 
trospium  and  solifenacin  was  then  instilled  into  rat  bladder  to 
determine  the  effect  of  the  drug  fraction  excreted  into  urine. 
Therefore,  intravesical  therapy  can  assist  in  elucidating  the  yet 
unexplored  mechanisms  for  improvement  of  OAB  symptoms 
by  antimuscarinics. 

4.  Liposomes 

Liposomes  were  earliest  prototype  of  nanoparticles  (particles 
with  one  of  the  dimensions  in  nanometers)  that  are  described 
as  lipid  vesicles  composed  of  concentric  phospholipid  bilay¬ 
ers  enclosing  an  aqueous  interior  [24,  25] .  The  lipid  vesicles 
comprise  either  one  or  several  aqueous  compartments  delin¬ 
eated  by  either  one  (unilamellar)  or  several  (multilamellar) 
phospholipid  bilayers  [26].  Liposomes  have  been  widely 
studied  as  drug  carriers  for  a  variety  of  chemotherapeutic 
agents  (approximately  40,000  scientific  articles  have  been 
published  on  the  liposomes  use  so  far)  [25,  27].  Liposomes 
improved  the  delivery  of  chemotherapeutic  agents  by  altering 
pharmacokinetics  and  reducing  toxicity  [26,  28,  29].  The 
success  of  liposomes  in  the  clinic  has  been  attributed  to  the 
nontoxic  nature  of  the  lipids  used  in  their  formulation. 

5.  Empty  Liposomes 

Empty  liposomes  itself  can  act  as  a  topical  healing  agent 
and  same  has  been  demonstrated  in  treatment  of  dry  eye 
[30,  31].  Either  empty  or  with  entrapped  drugs,  liposomes 
have  also  been  used  in  ophthalmology  to  ameliorate  keratitis, 
corneal  transplant  rejection,  uveitis,  endophthalmitis,  and 
proliferative  vitreoretinopathy  [32].  These  reports  encour¬ 
aged  investigation  of  empty  liposomes  as  a  therapeutic  agent 
for  bladder  injury.  Interaction  of  liposomes  with  cultured 
urothelium  cells  suggested  that  liposomes  can  be  adsorbed 
and  be  endocytosed  [33].  Previous  studies  showed  that 
binding  of  large  multilamellar  liposomes  to  the  bladder  cells 
was  stronger  than  of  sonicated  small  size  liposomes  [34,  35]. 

5.1.  Preclinical  Studies.  A  rat  model  of  bladder  injury  induced 
by  protamine  sulfate  [36]  was  used  to  asses  efficacy  of 
empty  liposomes.  Instillation  of  liposomes  protected  bladder 
irritation  induced  by  protamine  sulfate  instillation  into  rat 
bladder  [37]  (Figure  1).  In  earlier  study,  empty  liposomes 
were  used  as  controls  against  capsaicin  delivery  study,  which 
reported  tolerance  of  empty  liposomes  in  uninjured  bladder 
[38].  Bladder  tolerance  was  investigated  by  cystometry  and 
histology  [38]. 

Physiological  effect  of  liposomes  on  bladder  irritation 
model  induced  by  protamine  sulfate  was  studied  in  separate 
studies  [39,  40].  Cystometric  studies  involved  bladder  injury 
induced  by  infusion  of  protamine  sulfate  for  an  hour  fol¬ 
lowed  by  irritation  caused  by  infusion  of  high  concentration 
of  potassium  chloride  solution  [39,  40].  Post-treatment  of 
liposomes  demonstrated  the  protective  effect  in  this  model 
[39,  40],  which  involved  coadministration  of  liposomes  with 
potassium  chloride  to  mimic  the  clinical  disease  condition. 
The  comparative  efficacy  of  liposomes  was  evaluated  against 
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(a)  (b) 

Figure  1:  Protective  effect  of  liposomes  evaluated  by  histology  in  rat  bladder  injured  by  protamine  sulfate.  Focal  loss  of  apical  layer  and 
ulcerated  areas  were  noted  in  saline  treated  rats  (a).  Liposome  post- treatment  protected  rats  from  ulceration  induced  by  PS  as  evident  from 
photograph  in  (b)  taken  on  bladder  harvest  at  8  h  after  liposome  instillation. 


FDA  approved  therapies  of  dimethyl  sulphoxide  (DMSO)  and 
intravesical  instillation  of  PPS  [1]. 

Clinically,  DMSO  (RIMSO-50)  is  the  only  FDA  approved 
intravesical  treatment  for  PBS/IC,  [41]  but  off-label  instil¬ 
lation  of  PPS  has  also  been  pursued  [42].  The  efficacy  of 
various  treatments  was  evaluated  in  chemically  induced 
bladder  hyperactivity  in  rats  by  sequential  infusion  of  pro¬ 
tamine  sulfate  and  potassium  chloride.  Bladder  reflex  activity 
of  female  Sprague -Dawley  rats  before  and  after  treatment 
was  evaluated  by  continuous  cystometry  under  urethane 
anaesthesia  (l.Og/kg).  Intravesical  liposomes  were  effective 
in  doubling  the  intercontractile  interval  (ICI)  compared  with 
PPS,  while  acute  instillation  of  DMSO  failed  to  produce  any 
protective  effect  in  this  animal  model  [43]. 

Recently,  Lee  et  al.  [44]  further  improved  this  model 
of  DO  induced  by  intravesical  infusion  by  combining  it 
with  systemic  metabolic  alteration  through  fructose  feeding. 
Metabolic  syndrome  created  by  feeding  of  fructose  to  rats 
can  lead  to  DO  and  urination  frequency  [44].  Cystometric 
bladder  capacity  of  fructose  fed  rats  can  be  further  decreased 
by  instillation  of  acidic  ATP  solution,  which  provokes 
reflex  micturition  via  afferent  noise.  Evidence  suggests  that 
increased  expression  or  release  of  neurotransmitters  in  the 
mucosal  layer  of  the  bladder  can  generate  afferent  noise  via 
C-fiber  pathway  and  result  in  DO  [45] .  Compared  to  infusion 
with  normal  saline,  ATP  solution  decreased  bladder  capacity 
and  increased  phasic  contractions.  Addition  of  liposomes 
to  the  ATP  solution  partially  reversed  the  ATP  solution- 
induced  response  [46].  Capsaicin  induced  desensitization 
also  blunted  the  provocation  of  ATP  in  this  model  to 
demonstrate  the  role  of  afferent  noise  via  C-fibers. 

5.2.  Clinical  Studies.  Encouraged  by  the  exciting  preclin- 
ical  efficacy  of  empty  liposomes  as  a  therapeutic  agent 
for  intravesical  therapy  of  IC/PBS,  Chuang  et  al.  recently 
published  the  clinical  safety  and  efficacy  of  liposomes  in 
IC/PBS  patients  [47].  In  an  open  label  prospective  study  on 
24  IC/PBS  patients,  the  effect  of  intravesical  liposomes  was 
compared  against  oral  PPS.  Patients  were  equally  divided 
into  the  two  treatment  arms,  administered  either  intravesical 


liposomes  (80  mg/40  cc  distilled  water)  once  weekly  or  oral 
PPS  (100  mg)  3  times  daily  for  4  weeks  each.  Ten  possible 
responses  to  treatment  were  monitored  at  3  time  points, 
including  baseline,  and  at  weeks  4  and  8. 

Comparable  efficacy  of  liposomes  to  oral  PPS  was 
demonstrated  by  statistically  significant  decreases  in  urinary 
frequency  and  nocturia  in  both  treatment  arms.  Liposome 
treated  patients  showed  statistically  significant  decreases  in 
pain,  urgency,  and  the  O’Leary-Sant  symptom  score,  with 
the  effect  being  most  profound  on  urgency  None  of  the 
treated  patients  in  the  study  reported  urinary  incontinence, 
retention,  or  infection  due  to  liposome  instillation  and  there 
were  no  unanticipated  adverse  events  and  no  significant 
worsening  of  symptoms  during  followup.  Intravesical  instilla¬ 
tion  of  liposomes  in  IC/PBS  patients  was  found  to  be  safe  with 
potential  improvement  after  1  course  of  therapy  for  up  to  8 
weeks.  The  study  design  was  suboptimal,  with  lack  of  blinding 
and  two  treatment  arms  assigned  to  different  routes  of  drug 
administration  and  regimen.  Still  once  weekly  liposome 
therapy  was  able  to  demonstrate  efficacy  comparable  to  thrice 
daily  oral  administration  of  PPS. 

Subsequently,  Lee  et  al.  assessed  the  safety  and  efficacy  of 
twice  weekly  administration  of  liposomes  on  IC/PBS  symp¬ 
toms  [48].  Five  patients  were  given  twice  a  week  treatment  of 
liposomes  for  4  weeks.  The  primary  outcome  was  the  change 
in  the  O’Leary-Sant  symptom/problem  score  and  O’Leary- 
Sant  total  score  from  baseline  to  week  4  and  week  8.  The 
O’Leary- Sant  symptom/problem  score,  O’Leary-Sant  total 
score,  and  pain  score  at  the  4-week  followup  showed  sig¬ 
nificantly  greater  improvement  from  baseline  with  biweekly 
instillation  than  once  a  week  instillation.  Tolerability  of 
liposomes  remains  unchanged  from  once  a  week  regimen 
to  twice  a  week  regimen.  The  followup  at  8  weeks  was  also 
similar  for  both  treatment  regimens.  The  incidence  of  urinary 
incontinence,  retention,  or  unanticipated  adverse  changes 
was  not  noted  with  any  regimen.  Intravesical  liposomes 
appear  to  be  a  promising  new  treatment  for  IC/PBS  and  future 
large-scale  placebo  controlled  studies  are  needed  to  verify 
these  results  from  a  pilot  study 
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Figure  2:  Ex  vivo  images  of  rat  bladder  taken  in  visible  and  near-infrared  light  indicate  the  coating  formed  by  instilled  liposomes 
on  bladder  surface.  Liposomes  carry  a  trace  amount  of  near- infrared  (NIR)  lipophilic  carbocyanine  dye  l,l/-dioctadecyl-3,3,3/,3/- 
tetramethylindotricarbo cyanine  iodide  (DiR)  that  fluoresces  on  exposure  to  NIR  light.  Rat  bladder  filled  with  urine  was  tied  at  the  base 
with  thread  prior  to  harvest.  Liposomes  coating  the  bladder  surface  are  invisible  in  visible  light  photograph  (a)  but  is  indicated  by  blue 
colored  coating  on  the  bladder  luminal  surface  in  NIR  light  (b).  NIR  imaging  in  vivo  can  allow  noninvasive  repeat  objective  measurement  for 
bladder  residence  time  of  instilled  treatments,  (c)  Schematic  illustration  of  liposome  coating  the  bladder  surface.  Given  the  chemical  affinity 
of  phospholipids  of  instilled  liposomes  with  lipids  in  cells  lining  the  bladder  surface,  the  liposomes  form  a  protective  film  coating  on  the 
injured  bladder  lumen  surface  and  assist  in  the  repair  of  leaky  and  inflamed  uroepithelium. 


The  exact  mechanism  of  action  for  liposomes  in  IC/PBS 
remains  to  be  established,  but  protective  coating  effect  based 
on  preclinical  studies  cannot  be  ruled  out  as  illustrated  in 
Figure  2. 

6.  Liposomes  as  a  Delivery  Platform 

Not  only  is  the  lining  of  the  urinary  bladder  the  most  im¬ 
permeable  tissue  in  the  human  body,  but  it  is  also  the  most 
compliant.  As  a  bladder  lining  expands,  additional  membrane 
material  is  added  to  its  cells  to  help  retain  impermeability 
[49].  Therefore,  vesicular  trafficking  may  provide  a  favorable 
environment  for  drug  delivery  and  therefore  it  is  worth 
investigating  whether  vesicle  nature  of  liposomes  can  aid  in 


improving  the  delivery  of  cargo  across  the  bladder  permeabil¬ 
ity  barrier. 

In  the  field  of  neurourology,  instillation  of  neurotoxins 
into  bladder  is  an  accepted  approach  to  achieve  chemical 
neuromodulation  of  afferent  neurotransmission  underlying 
neurogenic  bladder  and  IC/PBS  [50].  Existing  approaches 
of  chemical  neuromodulation  by  intravesical  neurotoxins 
are  suboptimal  due  to  vehicle  toxicity  for  capsaicin  [51]  or 
degradation  of  botulinum  toxin  (BoNT)  in  urine.  Possible 
reasons  underlying  the  lack  of  efficacy  from  BoNT  instillation 
in  bladder  can  be  protein  degradation  by  proteases  and 
proteinases  in  urine,  dilution  in  urine,  or  poor  uptake  of  the 
BoNT  solution  into  the  urothelium. 

Liposomes  have  been  previously  studied  as  a  carrier  of 
toxins  to  enhance  efficacy  at  lower  doses  [52] .  In  the  context  of 
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Intravesical  instillation 


Figure  3:  Scheme  for  formulation  of  BoNT  into  liposomes  for  blad¬ 
der  instillation.  Freeze  dried  BoNT  is  resuspended  in  distilled  water 
and  added  to  vials  containing  a  desiccated  liposomal  preparation 
made  of  phospholipids.  This  reconstituted  suspension  is  allowed  to 
hydrate  at  room  temperature  for  30-60  min  before  instillation. 


toxins  instilled  in  the  bladder,  fat- soluble  neuro toxin  such  as 
capsaicin  can  be  integrated  into  the  phospholipid  bilayer  [38] 
and  water-soluble  neurotoxin  such  as  BoNT  can  be  protected 
inside  the  aqueous  compartment(s)  of  liposomes  delimited 
by  the  phospholipid  bilayer (s)  [53]  (Figure  3).  Cystoscope 
guided  injections  are  the  current  standard  practice  in  the 
clinic  for  administering  BoNT  to  the  bladder.  But  in  recent 
years,  studies  have  also  assessed  the  potential  for  intravesical 
instillation  of  BoNT  alone  in  animal  models  of  bladder 
irritation  [54]. 

Development  of  instillation  as  a  mode  for  administering 
BoNT  in  patients  will  drastically  bring  down  the  cost  of 
treatment  for  patients  with  refractory  overactive  bladder. 
Other  groups  have  recently  reported  the  use  of  DMSO  for 
instillation  of  BoNT  instead  of  injection  [55].  DMSO  does 
not  afford  the  natural  state  of  the  BoNT  as  a  protein  and  need 
to  be  formulated  immediately  before  instillation.  Dissolving 
BoNT  in  DMSO  may  not  be  advisable  owing  to  concerns 
of  BoNT  uptake  into  the  systemic  circulation  of  patient. 
Moreover,  biochemical  studies  have  demonstrated  that  met- 
alloproteolytic  activity  of  the  BoNT  is  strongly  enhanced  by 
the  presence  of  lipid  membranes  [56]. 

Recent  studies  reaffirmed  the  potential  of  liposomes 
as  a  promising  vehicle  for  delivery  of  neurotoxins  to  the 
bladder  [38,  53].  The  transport  of  BoNT  into  urothelium 
from  liposomes  was  confirmed  by  detection  of  its  unique 
effect  on  neurotransmitters  and  proteolysis  of  synaptosomal- 
associated  protein  SNAP-25  through  immunohistochemistry 
[53].  The  protection  of  BoNT  entrapped  inside  liposomes 
from  degradation  in  urine  without  compromising  efficacy 
was  demonstrated  by  attenuation  of  acetic  acid  induced  blad¬ 
der  irritation  in  rats  [53] .  Similar  results  were  obtained  in  pre- 
clinical  studies  with  liposomes  encapsulating  capsaicin  [38]. 


Liposomes  have  proven  themselves  as  bio  compatible  delivery 
agents  in  the  bladder. 

7.  Intravesical  Antisense  Therapeutics 

The  term  “antisense”  therapeutics  emerged  from  seminal 
studies  done  4  decades  using  a  short  synthetic  oligonu¬ 
cleotide  for  sequence-specific  gene  silencing  [57].  Gene 
silencing  involves  introduction  of  short  strands  of  DNA 
(termed  as  antisense)  with  sequences  complementary  to  the 
mRNA  encoding  a  particular  gene  inside  the  cell  with  the 
intent  to  block  gene  expression  through  either  translational 
inhibition  or  enzymatic  cleavage  of  the  mRNA  target  [3]. 

Oligonucleotide  ODN  binds  specifically  and  strongly 
to  the  mRNA  target  through  Watson-Crick  base  pairing. 
ODN  can  be  basically  categorized  into  those  that  direct 
cleavage  of  the  target  mRNA  as  caused  by  small  interfering 
RNAs  (siRNAs)  and  those  that  alter  mRNA  translation 
without  causing  mRNA  cleavage.  Recent  discovery  of  small 
interfering  RNAs  (siRNAs)  and  the  elucidation  of  the  RNA 
interference  (RNAi)  pathway  has  also  brought  a  sea  change 
in  the  control  of  posttranscriptional  gene  expression.  siRNA 
takes  advantage  of  endogenous  cellular  pathways  to  potently 
silence  the  expression  of  specific  genes  (Figure  4). 

Antisense  mechanism  is  a  promising  approach  for  devel¬ 
oping  therapeutics  based  on  rational  gene-based  drug  design. 
Antisense  therapeutics  have  been  under  clinical  investigation 
for  more  than  30  years  [58].  However,  drug  development  of 
this  approach  has  been  hampered  by  inefficient  intracellular 
delivery  and  cellular  uptake  of  the  ODN.  The  translation  of 
basic  antisense  research  into  therapeutics  is  also  impeded  by 
intracellular  stability  of  ODN  and  potential  for  “off-target” 
gene  silencing,  immunostimulation,  and  other  side  effects. 

A  vast  array  of  chemical  modifications  to  ODN  has  been 
developed  to  overcome  the  therapeutically  limiting  features 
by  altering  internucleotide  phosphate  linkages,  backbone 
sugars,  or  nucleobases.  One  such  modified  ODN  is  peptide 
nucleic  acid,  which  replaces  phosphodiester  bond  between 
nucleobases  with  a  peptide  bond.  Replacement  of  phosphodi¬ 
ester  bond  by  a  phosphorothioate  linkage  is  another  method 
to  improve  the  stability  of  ODN  against  nucleases. 

Great  progress  has  been  made  in  translating  antisense 
research  into  clinical  therapies  based  on  local  injection  into 
eye  [58].  The  field  recently  progressed  further  with  a  systemic 
injection  therapy  for  treating  familial  hypercholesterolemia 
[59] .  Antisense  therapeutics  have  been  used  for  exon  skipping 
to  optimize  the  functionality  of  a  truncated  dystrophin 
protein  in  dog  model  of  Duchenne  muscular  dystrophy  [60]. 

Nevertheless,  applied  research  for  bladder  diseases  has 
lagged  behind,  considering  that  the  anatomical  architec¬ 
ture  of  bladder  provides  ease  of  local  administration  with 
restricted  systemic  side  effects  due  to  lower  serum  uptake 
of  antisense  ODN.  Bladder  instillation  of  antisense  ODN 
or  their  chemically  modified  mimics  can  therefore  be  an 
efficient  means  to  control  the  expression  of  therapeutically 
relevant  genes.  Antisense  agents  can  also  be  used  to  elucidate 
the  role  of  newly  discovered  genes  in  bladder  function. 
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Figure  4:  Illustration  of  mechanisms  for  blocking  NGF  expression  by  either  NGF  antibodies  or  downregulation  of  NGF  mRNA  expression. 
NGF  antibody  sequesters  the  freely  available  NGF  and  prevents  it  from  binding  with  the  cognate  TrkA  receptors.  NGF  antisense  selectively 
binds  with  NGF  mRNA  inside  the  cells  to  block  the  translation  of  corresponding  mRNA.  siRNA  takes  advantage  of  endogenous  cellular 
pathways  to  degrade  NGF  mRNA  and  control  the  posttranscriptional  NGF  gene  expression. 


8.  NGF  Expression  in  Bladder 

Several  studies  have  reported  that  patients  with  OAB  or 
IC/PBS  excrete  more  nerve  growth  factor  (NGF)  in  their 
urine  relative  to  asymptomatic  controls  [61].  Higher  expres¬ 
sion  of  NGF  in  bladder  of  patients  [62],  with  corresponding 
lower  serum  levels  of  NGF,  makes  the  bladder  tissue  the  likely 
source  for  the  elevated  NGF  in  urine  [63].  Previous  studies 
have  indicated  that  increased  levels  of  NGF  in  the  bladder 
and  bladder  afferent  pathways  are  directly  involved  in  the 
emergence  of  hyp erexcit ability  of  C-fiber  bladder  sensory 
pathways  leading  to  the  pathology  of  DO  and  OAB  (Figure  4) 
[64]. 

In  addition,  intrathecal  application  of  NGF  antibodies 
reduced  NGF  levels  in  bladder  afferent  pathways  and  normal¬ 
ized  bladder/urethral  function  in  spinal  cord  injured  (SCI) 
rats  [65] .  Because  it  is  likely  that  the  major  pathology  of  OAB 
is  driven  by  NGF,  targeting  the  intracellular  synthesis  of  NGF 
molecule  in  bladder  is  a  promising  therapeutic  alternative. 

9.  NGF  Expression  a  Drug  Target 

Overexpression  of  NGF  can  be  blocked  either  directly  by 
antibodies  [66]  or  by  blocking  the  synthesis  of  NGF  protein 
from  mRNA  [67].  Systemic  administration  of  monoclonal 
human  NGF  antibodies  (tanezumab)  has  been  explored  for 
therapeutic  outcomes  in  IC/PBS  patients  but  not  without 
encountering  safety  concerns  such  as  paresthesia,  hypoesthe- 
sia,  and  arthralgia  [66].  Generalized  blockade  of  NGF  activity 
at  sites  other  than  bladder  by  anti-NGF  antibodies  may 
not  be  the  preferred  outcome,  because  NGF  is  an  essential 
housekeeping  growth  factor  necessary  for  the  survival  and 
growth  of  neurons  [68].  The  physiological  necessity  of  NGF 


action  at  those  sites  may  explain  the  incidence  of  paresthesia, 
hypoesthesia,  and  arthralgia  in  patients  treated  with  systemic 
anti-NGF  antibodies  [66]. 

9.1.  Peptide  Nucleic  Acid  (PNA).  Therefore,  to  reduce  the 
toxicity  of  systemic  blockade  of  NGF,  we  sought  to  develop 
a  novel  intravesical  therapy  of  OAB  by  targeting  the  intra¬ 
cellular  synthesis  of  NGF  in  the  urothelium.  Antisense  ODN 
needed  to  be  able  to  cross  cell  membrane  to  act  as  a  drug 
and  negatively  charged  ODN  will  not  pass  through  a  lipid 
layer  such  as  cell  membranes.  Bladder  uptake  of  ODN  is 
limited  by  the  anionic  charge  and  size  of  the  ODN  as  well 
as  anionic  glycosaminoglycan  layer  of  the  inner  bladder 
surface.  Therefore,  primary  impediment  to  be  overcome  in 
the  development  of  intravesical  antisense  therapeutics  is 
inefficient  bladder  uptake  of  the  ODN  across  urothelium. 
Previous  studies  showed  that  heparan  sulfate  proteoglycans 
expressed  on  cell  surface  act  as  receptors  for  extracellular 
TAT  uptake  [69].  Therefore,  it  was  reasoned  that  GAG  layer 
on  bladder  surface  can  facilitate  bladder  uptake  of  peptide 
nucleic  acid  PNA,  if  it  could  be  conjugated  with  synthetic  TAT 
peptide. 

Water  insoluble  peptide  nucleic  acid  targeting  NGF  was 
conjugated  with  cell  penetrating  cationic  peptide  TAT  for 
intracellular  delivery  of  antisense  moiety  to  demonstrate  effi¬ 
cacy  in  animal  models.  Studies  showed  that  PNA  conjugated 
with  TAT  suppressed  cyclophosphamide  cystitis  following 
local  instillation  of  antisense  against  NGF  [67].  There  was 
negligible  uptake  of  peptide  nucleic  acid  in  absence  of  TAT 
conjugation.  Prior  to  determination  of  in  vivo  efficacy  of 
conjugate,  suitable  target  sequence  on  NGF  mRNA  was 
determined  by  predicted  folding  structure  and  cell  transfec¬ 
tion  experiments.  Successful  intravesical  delivery  of  peptide 
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nucleic  acid  in  bladder  at  the  same  time  of  cyclophosphamide 
injection  protected  against  the  cystitis  by  blocking  the  rise  in 
bladder  contraction  frequency  and  inflammation. 

9.2.  Phosphorothioate-Linked  Analogues.  Considering  the 
difficulty  and  possible  nonspecific  toxicity  of  peptide  nucleic 
acid  and  TAT,  recent  developments  focused  on  simplifying 
the  approach  using  water-soluble  phosphorothioated  ODN, 
which  have  an  increased  resistance  to  exo-  and  endonucleases 
for  improved  stability  [70].  As  alluded  to  in  the  above  text, 
success  of  antisense  therapeutics  is  largely  dependent  on  the 
development  of  a  delivery  vehicle  that  can  efficiently  deliver 
antisense  ODN  in  bladder.  Preliminary  studies  showed  that 
liposomes  can  be  far  better  biocompatible  effective  carriers 
for  local  gene  silencing  of  NGF  gene  in  bladder  cells. 

Cationic  liposomes  and  mimics  have  emerged  as  the 
most  popular  nonviral  method  to  deliver  nucleic  acids  in 
therapeutic  applications.  Easy  and  reversible  complex  forma¬ 
tion  of  cationic  liposomes  with  ODN  at  room  temperature 
allows  their  use  as  carriers.  Electrostatic  attraction  between 
the  cationic  lipid,  DOTAP,  and  the  polyanionic  antisense 
ODN  is  responsible  for  the  complex  formation.  The  efficacy 
of  liposome  delivered  siRNA  by  intravesical  route  has  been 
previously  demonstrated  in  preclinical  models  of  bladder 
cancer  [71].  Residence  of  ODN  in  the  rat  bladder  after  intrav¬ 
esical  instillation  was  demonstrated  to  be  longer  than  24  h 
using  fluorescent  tagged  ODN  complexed  with  liposomes 
[72].  Fluorescent  probe  was  localized  in  bladder  urothelium 
cells  24  h  following  instillation.  The  24  h  residence  time  was 
also  demonstrated  for  siRNA  in  mouse  bladder  [73].  Bladder 
uptake  of  fluorescent  ODN  without  liposomes  in  normal 
rat  bladder  is  poor.  Previous  studies  have  shown  that  very 
high  concentration  of  phosphorothioated  ODN  can  deliver 
ODN  without  liposomes  to  bladder  cells  of  mice  having 
bladder  cancer  [74] .  The  urothelium  barrier  may  be  slightly 
compromised  in  cancerous  condition  and  the  strategy  of 
loading  bladder  with  high  dose  of  ODN  may  not  work 
in  noncancerous  diseased  condition  of  bladder  with  intact 
barrier. 

In  order  to  evaluate  the  efficacy  of  NGF  antisense  ODN, 
acetic  acid  infusion  was  used  to  cause  a  rapid  rise  of  NGF 
protein  levels.  A  single  dose  instillation  of  OND  complexed 
with  liposomes  protected  against  bladder  overactivity  (BO) 
induced  by  acetic  acid.  Together  with  data  of  bladder  uptake 
studies  using  fluorescent  ODN,  it  is  demonstrated  that  OND 
is  readily  available  to  the  bladder  after  intravesical  instillation. 
It  has  been  previously  reported  that,  within  2  h  of  exposure 
to  irritants  such  as  turpentine  and  acetic  acid,  there  occurs 
a  rapid  rise  in  bladder  content  of  NGF  [75].  Later  studies 
found  that  bladder  responds  to  insults  with  upregulation  in 
the  genes  for  NGF,  sE-Selectin  and  receptor  for  monocyte 
chemoattractant  protein-1  (MCP-1)  within  30  min  of  expo¬ 
sure  to  lipopolysaccharide  (Figure  5)  [76].  The  acetic  acid 
induced  overexpression  of  NGF  was  blunted  by  pretreatment 
with  NGF  antisense  OND  with  phosphorothioate  linkage 
prior  to  exposure  of  acetic  acid.  The  downregulation  of  NGF 
mRNA  expression  was  in  agreement  with  reduced  protein 
levels  and  suppressed  NGF-like  immunoreactivity  in  the 
urothelium. 


9.3.  Antisense  and  Downstream  Signalling  of  NGF.  Drug 
development  of  intravesical  antisense  for  NGF  was  also  able 
to  unmask  the  downstream  signaling  [77]  involving  NGF 
following  exposure  to  acetic  acid.  Experiments  supported 
the  role  of  NGF  as  a  paracrine  messenger  [77],  which  is 
known  to  activate  several  downstream  effectors  to  manifest 
physiological  and  pathological  signaling  changes  linked  to  it 
[76,  78-80].  The  bladder  injury  set  off  by  acetic  acid  initiates 
the  signalling  cascades  that  upregulate  the  expression  of 
NGF  and  other  chemokines,  MCP-1,  CXCL-1,  and  CXCL- 
10,  and  prostaglandins  [76,  78-80].  As  reported  elsewhere, 
localization  of  chemokines  within  synaptic  vesicles  in  neu¬ 
rons  [81]  is  consistent  with  their  ability  to  act  as  excitatory 
neurotransmitters  following  AA  exposure. 

Chemokines  are  one  of  several  downstream  effectors 
activated  by  NGF  [76,  78-80]  and  interestingly  chemokine 
receptors  are  widely  expressed  in  neural  and  nonneural 
elements  of  the  nociceptive  pathways  that  are  responsible  for 
visceral  and  somatic  pain  sensation  [82].  MCP-1  [83]  and 
CXCL-10  [84]  are  constitutively  expressed  in  neurons,  where 
they  participate  in  excitability  of  primary  afferent  neurons 
through  transactivation  of  transient  receptor  channels  and 
nociceptor  sensitization  [84].  Overexpression  of  NGF  is  likely 
to  drive  the  expression  of  VEGF  from  neurons  and  leptin  [78] 
from  adipocytes  covering  neurons  [85]. 

Cooperative  expression  of  NGF  and  MCP-1  is  able  to 
induce  hyp erexcit ability  in  neurons  by  activating  TRPV1 
receptor.  In  addition,  MCP-1,  CXCL-1,  and  CXCL-10  cause 
chemoattraction  of  monocytes,  neutrophils,  and  lympho¬ 
cytes,  respectively,  to  mediate  the  bladder  injury  set  off 
by  acetic  acid.  Extravasation  is  an  essential  prerequisite 
for  infiltration  of  monocytes,  neutrophils,  and  lymphocytes, 
which  requires  the  expression  of  adhesion  molecules  like 
E-selectin  and  intracellular  adhesion  molecule  ICAM-1  [76, 
86].  E-selectin  is  a  cytokine-inducible  adhesion  molecule 
that  supports  the  rolling  and  stable  arrest  of  leukocytes 
on  activated  vascular  endothelium.  Expression  of  E-selectin 
has  been  linked  to  adherence  of  neutrophils  to  bladder 
microvascular  endothelial  cells  and  to  cyclophosphamide 
cystitis  [87,  88].  E-selectin  gene  expression  is  activated  by 
the  NF-/cB  and  MAP  kinase  signal  transduction  pathways 
[76,  86]. 

Activation  and  recruitment  of  leukocytes  to  acetic  acid 
induced  bladder  injury  also  require  expression  of  intra¬ 
cellular  adhesion  molecule  ICAM-1  [89].  ICAM-1  interacts 
specifically  with  its  receptors  of  the  integrin  family  to  induce 
reversible  cell-cell  interactions  involving  adhesion.  Expres¬ 
sion  of  ICAM-1  was  found  to  be  increased  in  patients  with 
IC/PBS  and  reduced  in  patients  responding  to  instillation  of 
hyaluronic  acid  [90].  Expression  of  ICAM-1  and  VCAM-1 
was  also  noted  in  a  recent  study  on  biopsy  tissue  of  IC/PBS 
patients  [91].  Increased  expression  of  ICAM-1  subsequent 
to  exposure  with  acetic  acid  in  animal  model  is  therefore 
clinically  relevant. 

Antisense  experiments  supported  the  earlier  report  that 
inhibition  of  NGF  expression  significantly  downregulates  the 
expression  of  ICAM-1  [80].  It  is  reported  that  binding  of 
NGF  to  its  high-affinity  TrkA  receptor  controls  the  sICAM-1 
expression  on  target  cells  [80].  Expression  of  ICAM-1  was 
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Figure  5:  Signalling  cascades  induced  by  NGF  overexpression  following  exposure  to  acetic  acid.  Injury  from  exposure  to  acetic  sets  off  the 
signalling  cascades  that  upregulate  the  expression  of  NGF,  MCP-1,  prostaglandins,  CXCL-1,  and  CXCL-10.  Overexpression  of  NGF  drives  the 
expression  of  VEGF  from  neurons  and  leptin  from  adipocytes  covering  neurons.  NGF  and  MCP-1  also  induce  hyper  excitability  in  neurons 
by  activating  TRPV1  receptor.  MCP-1,  CXCL-1,  and  CXCL-10  cause  chemo attraction  of  monocytes,  neutrophils,  and  lymphocytes,  which 
requires  extravasation  across  endothelium  from  blood  through  the  cooperation  of  adhesion  molecules  E-selectin  and  ICAM-1. 


negatively  associated  with  NGF  expression  in  antisense 
experiments.  Ultimately,  expression  of  ICAM-1  is  regulated  at 
the  level  of  transcription  by  one  of  several  signaling  cascades 
NF-kB,  JAK/STAT,  IFN-g  (CXCL-10),  AP,  MAP  kinase,  and 
PKC  [92]. 

Intravesical  route  can  allow  selective  exposure  of  anti- 
sense  ODN  to  the  NGF  producing  cells  in  urothelium  and 
avoid  systemic  side  effects  from  genetic  manipulation  of 
NGF  expression.  Intravesical  route  can  also  prove  to  be  cost 
effective  given  the  cost  of  ODN  or  siRNA.  Contrary  to  the 
goal  of  loss  of  function  in  bladder  with  antisense  ODN,  in 
recent  studies  liposomes  have  also  been  used  to  deliver  ODN 
for  gain  of  function  in  bladder  [93]. 

10.  Imaging  of  Intravesical  Therapy 

Drug  development  for  DO  and  IC/PBS  relies  heavily  on 
subjective  outcomes  for  predicting  efficacy  and  safety  in  early 
clinical  development.  Although  there  are  many  validated 
measurement  tools  used  in  DO  and  IC/PBS  research,  they 
are  usually  burdensome  and  do  not  capture  all  symptoms 
related  to  the  lower  urinary  tract.  Moreover,  improvement  in 
symptoms  scores  following  an  intervention  does  not  always 
correlate  with  patient  expectations,  satisfaction,  and  goal 
achievement,  which  are  critically  important  for  successful 
management  of  DO  and  IC/PBS. 

There  is  underdevelopment  and  underutilization  of  urine 
biomarkers  and  imaging  methods  for  investigational  drugs 
given  by  intravesical  route.  Overreliance  on  subjective 
impressions  of  patients  for  therapeutic  response  limits  clini¬ 
cal  relevance  due  to  weak  correlation  with  patient  satisfaction 
and  can  also  impede  continued  scientific  progress  in  assessing 


study  outcomes  relative  to  symptom  bother.  Symptom  scores 
may  also  be  related  to  the  cause  of  high  heterogeneity  in 
clinical  response  in  DO  and  IC/PBS  patients. 

Imaging  can  offer  the  possibility  to  provide  region - 
specific  information  in  situations  where  serum  and  urine 
assays  may  not  reflect  the  true  state  of  bladder  [94-96]. 
Urine  chemokines  have  been  reported  to  be  associated  with 
symptom  severity  of  IC/PBS  patients  [97].  Application  of 
fluorescent  microscopy  for  imaging  of  pelvic  floor  has  been 
limited  due  to  the  issues  pertaining  to  light  absorption  by 
tissues,  scattering,  and  autofluorescence  [98]. 

Recent  studies  have  shown  that  dyes  fluorescing  in 
the  near- infrared  (NIR)  band  can  overcome  this  handi¬ 
cap  in  deep-tissue  imaging  of  experimental  animals  [99]. 
Selected  NIR  fluorochromes  emit  light  with  tissue  pen¬ 
etration  approaching  10-15  cm  [100].  The  light  emission 
from  probes  in  this  spectrum  encounters  low  background 
autofluorescence  and  minimal  attenuation  of  signal  due  to 
light  absorption  by  tissue  components  [98].  Therefore,  NIR 
imaging  yields  high  signal-to -noise  ratios  and  is  well  suited 
for  studying  the  distribution  of  instilled  treatments  in  bladder 
(Figure  2(b)). 

Preliminary  studies  suggest  that  imaging  of  mouse  pelvic 
floor  in  NIR  spectrum  can  be  a  viable  option  [101].  NIR 
imaging  easily  allows  visualization  and  quantification  of 
bladder  distribution  by  tracing  the  migration  of  fluorescence- 
labeled  liposomes  in  anaesthetized  mouse.  Compared  with 
other  biological  assays,  imaging  could  provide  objective 
endpoint  for  patients  with  ulcerative  cystitis  to  indicate  its 
high  translation  potential.  Other  benefits  of  optical  imaging 
include  its  relatively  low  cost  compared  with  more  traditional 
imaging  systems  such  as  MRI  and  PET.  The  instrument 


ISRN  Pharmacology 


9 


consists  of  two  near- infrared  lasers  emitting  at  685  nm  and 
785  nm,  camera,  and  novel  optics. 

Furthermore,  preferential  binding  of  liposomes  and 
nanoparticles  to  bladder  lesions  of  IC/PBS  after  instillation 
can  be  assessed  by  NIR  imaging  of  bladder,  where  it  can 
theoretically  provide  anatomically  specific  information  about 
the  real  time  status  of  ulcer/lesion  in  bladder  surface  or  tissue 
abnormality  [102].  Therefore,  future  studies  can  substitute  a 
response  variable  that  is  continuous  in  nature  instead  of  a 
subjective  clinical  outcome. 

11.  Conclusions 

Adoption  of  forward-thinking  approaches  can  achieve 
advancements  in  drug  delivery  systems  targeted  to  improve 
pharmacotherapy  of  bladder  diseases  in  the  future.  Latest 
developments  in  the  field  of  nanotechnology  can  bring  this 
mode  of  therapy  from  second  line  of  treatment  for  refractory 
cases  to  the  forefront  of  disease  management.  Liposomes 
are  an  attractive  drug  delivery  platform  by  virtue  of  their 
bio  degradability,  biocompatibility,  low  toxicity,  and  simple 
and  mild  preparation  methods. 
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Abstract 

Introduction  and  hypothesis  The  aim  of  this  study  was  to 
analyze  the  mechanism  underlying  cross-sensitization  be¬ 
tween  the  colon  and  the  bladder  via  activation  of  transient 
receptor  potential  A1  (TRPA1)  channels. 

Methods  Using  female  Sprague-Dawley  rats,  polyethylene 
catheters  were  inserted  into  the  colon  between  two  ligations  at 
the  levels  of  40  and  60  mm  rostral  to  the  anus  and  into  the 
bladder.  (1)  We  examined  changes  in  colon  and  bladder  activity 
after  the  application  of  allyl  isothiocyanate  (AI,  50  mM,  300  pi), 
a  TRPA1  activator,  into  the  colon  or  the  bladder  in  an  awake 
condition.  Inhibitory  effects  of  the  pretreatment  with  HC-03003 1 
(HC,  3  mg/kg),  a  TRPA1  inhibitor,  on  colon-to-bladder  cross¬ 
sensitization  induced  by  AI  instilled  in  the  colon  were  also 
investigated.  (2)  We  examined  Evans  blue  (EB)  dye  extravasa¬ 
tion  after  TRPA1  stimulation  in  the  colon  or  the  bladder  to 
evaluate  vascular  permeability  due  to  tissue  inflammation. 
Results  (1)  Intercontraction  intervals  during  continuous  saline 
infusion  into  the  bladder  (0.04  ml/min)  were  significantly  de¬ 
creased  after  the  intracolonic  AI  application,  which  significant¬ 
ly  increased  mean  intracolonic  pressure,  indicative  of  colon-to- 
bladder  cross-sensitization.  The  Al-induced  colon-to-bladder 
cross-sensitization  was  completely  prevented  by  the 
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pretreatment  with  intravenous  application  of  HC.  On  the  other 
hand,  mean  intracolonic  pressure  was  significantly  decreased 
after  the  intravesical  AI  application,  which  significantly  in¬ 
creased  mean  intravesical  pressure.  (2)  EB  dye  extravasation 
was  significantly  increased  in  the  Al-treated  inflamed  organs 
and  also  in  the  bladder  following  intracolonic  AI  treatment. 
Conclusions  Colon-to-bladder  cross-sensitization  is  mediated 
via  TRPA1  stimulation  in  the  colon,  although  TRPA1 
expressed  in  the  bladder  does  not  seem  to  participate  in 
bladder-to-colon  cross-sensitization. 

Keywords  Transient  receptor  potential  A 1  -  Colon  -Bladder- 
Cross-sensitization  •  Interstitial  cystitis/bladder  pain  syndrome 

Introduction 

Chronic  pelvic  pain  is  a  major  symptom  of  many  complex 
clinical  conditions,  including  interstitial  cystitis/bladder  pain 
syndrome  (IC/BPS)  and  irritable  bowel  syndrome  (IBS).  In 
fact,  over  one  third  of  patients  diagnosed  with  IC/BPS  also 
exhibit  symptoms  of  IBS  [1,  2],  and  conversely  26-56  %  of 
patients  diagnosed  with  IBS  also  have  symptoms  of  IC/BPS 
[3].  However,  while  the  pathogenesis  of  IC/BPS,  IBS,  and 
other  chronic  pelvic  pain  disorders  has  mostly  been  studied 
independently,  few  investigators  have  examined  multiorgan 
mechanisms  in  the  development  of  chronic  pelvic  pain  despite 
their  striking  clinical  overlap.  The  high  concurrence  rate  of 
chronic  pain  disorders  supports  a  role  of  sensitized  convergent 
sensory  pathways  in  peripheral  and  central  nervous  systems, 
which  may  occur  through  infectious,  inflammatory,  neurogen¬ 
ic,  metabolic,  or  other  neuropathic  mechanisms  [4]. 

Among  various  noxious  stimulus  detectors,  the  transient 
receptor  potential  (TRP)  channel  family  is  the  largest  group, 
which  consists  of  a  large  number  of  cation  channels  and  is 
divided  into  six  subfamilies:  TRPV  (vanilloid),  TRPA 
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(ankyrin),  TRPM  (melastatin),  TRPC  (canonical),  TRPP 
(polycystin),  and  TRPML  (Mucolipin)  in  mammals.  In  the 
TRP  family,  TRPA1,  TRPV1,  TRPV4,  and  TRPM8  channels 
are  expressed  in  nociceptive  sensory  neurons  and  contribute  to 
the  detection  of  noxious  mechanical,  thermal,  and/or  chemical 
stimuli  [5-7].  TRPV1  is  the  best  characterized  channel  of  the 
TRP  family  in  terms  of  expression  pattern,  properties,  and 
clinical  translation  of  its  manipulation  [8].  On  the  other  hand, 
TRPA1  is  a  more  recently  identified  member  of  the  TRP  family 
that  has  emerged  as  a  major  mediator  of  inflammatory  pain  and 
is  selectively  expressed  by  a  subset  of  nociceptive  sensory 
neurons  that  also  express  TRPV1  [5],  suggesting  that  TRPV1 
and  TRPA1  may  mutually  control  the  transduction  of  noxious 
stimuli  in  TRPV1 -expressing  sensory  neurons  [9].  On  the  other 
hand,  there  are  no  apparent  overlaps  in  the  localization  of  other 
TRP  channels  such  as  TRPV4,  TRPM8,  and  TRPV1  [5,  6, 10]. 

Increased  TRPV1  expression  in  the  bladder  or  the  colon 
has  been  found  in  patients  with  chronic  pelvic  pain  [11,  12]. 
However,  the  pathogenesis  of  chronic  pelvic  pain  remains 
unknown,  and  there  are  few  animal  studies  to  analyze  TRP 
channels  involved  in  IC/BPS  and/or  IBS  via  pelvic  organ 
cross-sensitization.  It  has  also  been  reported  in  rats  that 
intracolonic  application  of  trinitrobenzene  sulfonic  acid 
(TNBS)  induces  a  reduction  of  bladder  capacity,  which  is 
abolished  by  intracolonic  pretreatment  with  resiniferatoxin 
that  induces  desensitization  of  TRPV1 -expressing  afferents 
in  the  colon  [13],  suggesting  that  TRP VI  in  the  colon  may 
be  involved  in  colon-to-bladder  cross-sensitization  via  con¬ 
vergence  of  TRP VI -expressing  pelvic  afferents.  In  addition, 
mustard  oil  (allyl  isothiocyanate,  AI),  TNBS,  and  acrolein  (the 
metabolite  of  cyclophosphamide)  have  often  been  used  to 
examine  the  neural  mechanisms  of  pelvic  organ  cross¬ 
sensitization  [14],  and  these  irritant  chemicals  are  known  to 
be  the  activator  of  TRPA1  channels  [15-17],  raising  a  possi¬ 
bility  that  TRPA1  in  TRP VI  -expressing  sensory  neurons  may 
contribute  to  the  pathogenesis  of  chronic  pelvic  pain  via  pelvic 
organ  cross-sensitization.  Thus,  we  analyzed  the  mechanism 
of  cross-sensitization  between  the  colon  and  the  bladder  fol¬ 
lowing  TRPA1  stimulation  in  the  colon  or  the  bladder. 

Materials  and  methods 

Forty  female  Sprague-Dawley  rats  weighing  200-250  g  were 
used  in  this  study.  Care  and  handling  of  animals  were  in 
accordance  with  institutional  guidelines,  and  the  protocol 
was  approved  by  the  Animal  Ethics  Committee  of  Jikei 
University  School  of  Medicine.  Under  isoflurane  anesthesia, 
the  colon  and  the  bladder  were  exposed  through  a  lower 
midline  abdominal  incision.  Feces  were  gently  removed  from 
the  distal  colon  through  a  small  incision  at  the  level  of  70  mm 
rostral  to  the  anus,  and  the  incision  was  closed.  The  distal 
colon  was  then  ligated  with  5-0  silk  sutures  at  the  levels  of  40 


and  60  mm  rostral  to  the  anus,  and  a  polyethylene-50  (PE-50) 
catheter  was  implanted  between  two  sutures.  A  PE-50  catheter 
was  also  implanted  into  the  bladder  from  the  bladder  dome. 
The  implanted  catheters  were  exteriorized  through  the  abdom¬ 
inal  wall,  and  the  wound  was  closed  with  sutures. 

After  the  surgery,  the  animals  were  placed  in  a  sling-suit 
harness  (Lomir  Biomedical,  Malone,  NY,  USA)  and  allowed  to 
recover  from  the  anesthesia  for  1  h,  so  that  cystometry  was 
performed  in  an  awake  condition.  To  analyze  colon-to-bladder 
cross-sensitization,  the  intravesical  catheter  was  connected  via  a 
three-way  stopcock  to  a  pressure  transducer  (ADInstruments, 
Castle  Hill,  NSW,  Australia)  and  a  syringe  pump  (KD 
Scientific,  Holliston,  MA,  USA).  Saline  solution  was  infused 
at  0.04  ml/min  for  approximately  1  h  until  rhythmic  bladder 
contractions  became  stable.  Cystometric  parameters  were  first 
measured  for  2  h  after  vehicle  (saline,  300  pi)  application  into 
the  colon  and,  thereafter,  for  another  2  h  after  intracolonic 
application  of  AI  (50  mM,  0.5  %,  300  pi),  a  TRPA1  activator 
(/? =8).  Baseline  pressure,  voiding  threshold  pressure,  maximal 
voiding  pressure,  intercontraction  interval,  and  mean 
intracolonic  pressure  were  recorded  using  data  acquisition  soft¬ 
ware  (sampling  at  10  Hz,  Chart,  ADInstruments)  on  a  computer 
system  equipped  with  an  analog-to-digital  converter 
(PowerLab,  ADInstruments).  In  a  separate  group  of  animals, 
a  PE- 10  catheter  was  implanted  in  the  right  jugular  vein  under 
isoflurane  anesthesia.  To  determine  whether  the  Al-induced 
colon-to-bladder  cross-sensitization  is  induced  by  TRPA1  stim¬ 
ulation,  HC-030031  (HC,  3  mg/kg,  0.5  ml/kg),  a  TRPA1  in¬ 
hibitor,  was  intravenously  (i.v.)  applied  30  min  before 
intracolonic  AI  administration  (n =8).  The  concentration  of  AI 
and  HC  was  selected  based  on  previous  studies  [1 8, 19]  and  our 
preliminary  experiments. 

Next,  in  another  group  of  rats,  PE-50  catheters  were 
inserted  between  two  ligations  of  the  colon  and  into  the 
bladder  under  isoflurane  anesthesia  as  described  above.  The 
bladder  neck  was  also  ligated  with  5-0  silk  sutures  to  prevent 
leakage  of  AI  injected  into  the  bladder.  Saline  solution 
(300  pi)  was  injected  into  the  colon  ligated  both  sites  to 
monitor  the  intracolonic  pressure.  To  analyze  the  bladder-to- 
colon  cross-sensitization,  mean  intracolonic  pressure  and 
mean  intravesical  pressure  were  measured  for  each  2-h  period 
after  vehicle  (saline,  300  pi)  application  and  the  subsequent 
application  of  AI  (50  mM,  300  pi)  into  the  bladder  (ft=8). 

Finally,  in  a  separate  group  of  animals,  two  sites  of  the 
colon,  and  the  bladder  neck,  were  ligated  with  5-0  silk  sutures 
as  described  above  under  urethane  (1.2  g/kg,  subcutaneously) 
anesthesia.  AI  (50  mM,  300  pi)  or  vehicle  (saline,  300  pi)  was 
injected  into  the  colon  to  determine  the  colon-to-bladder 
cross-sensitization  or  into  the  bladder  to  examine  the 
bladder-to-colon  cross-sensitization  via  a  23-gauge  needle 
inserted  into  the  respective  organ  (each  n= 8).  The  needle 
was  then  removed  and  the  injection  site  was  immediately 
compressed  by  a  cotton  swab  for  1  min.  After  no  leakage  of 
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the  solution  was  confirmed,  the  abdominal  wound  was  closed. 
Two  hours  after  the  AI  application  into  the  colon  or  the 
bladder,  vascular  permeability  due  to  tissue  inflammation 
was  evaluated  by  injection  of  Evans  blue  (EB,  50  mg/kg, 
0.5  ml/kg)  dye  into  the  jugular  vein  [20].  The  colon  and  the 
bladder  were  dissected  30  min  after  the  EB  dye  injection  and 
dried  at  50  °C  for  24  h.  Dried  tissues  were  weighed  and 
immersed  in  tubes  containing  1  ml  formamide  for  72  h.  The 
amount  of  dye  extracted  from  the  tissues  was  then  determined 
in  duplicate  using  a  microplate  reader  (Model  680,  Bio-Rad 
Laboratories,  Hercules,  CA,  USA)  set  at  620  nm  wavelength, 
and  the  results  are  expressed  as  micrograms  of  EB  per  dry 
weight  of  each  tissue  specimen.  AI,  HC,  and  EB  were  pur¬ 
chased  from  Sigma  (St.  Louis,  MO,  USA).  AI  and  EB  were 
dissolved  in  saline  solution,  and  HC  was  dissolved  in  10  % 
dimethyl  sulfoxide,  10  %  Tween  80,  and  80  %  saline  solution. 

All  data  were  represented  as  mean  values  ±  standard  error 
of  the  mean.  Statistical  analysis  software  (Prism,  GraphPad 
Software,  San  Diego,  CA,  USA)  was  used  to  compare  the 
results.  Time-dependent  changes  in  cystometric  parameters 
(baseline  pressure,  voiding  threshold  pressure,  maximal 
voiding  pressure,  intercontraction  interval),  mean  intracolonic 
pressure,  and  mean  intravesical  pressure  were  analyzed  using 
one-way  repeated  measures  analysis  of  variance  (ANOVA) 
followed  by  Tukey’s  multiple  comparison  test.  The  compari¬ 
son  of  EB  concentration  between  AI  and  vehicle  groups  was 


analyzed  using  unpaired  Student’s  t  test.  A p  value <0.05  was 
regarded  as  statistically  significant. 

Results 

In  the  colon-to-bladder  cross-sensitization  experiments,  there 
were  no  apparent  changes  in  any  cystometric  parameters  or 
colonic  pressure  for  2  h  after  vehicle  (saline)  injection  into  the 
colon  (Fig.  la).  However,  following  the  application  of  AI  into 
the  colon,  mean  intracolonic  pressure  was  significantly  in¬ 
creased  from  30  min  after  the  application  (0  min:  5.1± 
2.0  cmH20,  30  min:  14.4±6.0  cmH20,  60  min:  22. 2± 
8.8  cmH20,  90  min:  26.1±13.0  cmH20,  and  120  min:  29.1 
±17.3  cmH20)  (Figs,  la  and  2a).  Also,  in  bladder  activity 
measurement,  voiding  threshold  pressure  and  intercontraction 
interval  were  gradually  decreased  (voiding  threshold  pressure, 
0  min:  8.0±  1 .3  cmH20, 30  min:  7.6±  1 .2  cmH20,  60  min:  7.3 
±1.0  cmH20,  90  min:  6. 9 ±1.0  cmH20,  and  120  min:  6.9 ± 
1.0  cmH20;  intercontraction  interval,  0  min:  244.6±68.6  s, 
30  min:  240.6±70.4  s,  60  min:  216.0±49.8  s,  90  min:  178. 8± 
42.9  s,  and  120  min:  156.4±38.4  s)  with  a  significant  decrease 
from  90  min  (Figs,  la  and  2a),  whereas  there  were  no  signif¬ 
icant  time-dependent  changes  in  baseline  pressure  and  maxi¬ 
mal  voiding  pressure,  indicative  of  colon-to-bladder  cross¬ 
sensitization.  However,  when  HC  was  applied  i.v.  30  min 


Fig.  1  Representative  traces 
showing  changes  in  intravesical 
and  intracolonic  pressures  after 
allyl  isothiocyanate  (A I),  a 
TRPA1  activator,  was 
intracolonically  ( i.col .)  (a)  or 
intravesically  ( i.ves .)  (b)  applied, 
a  Bladder  overactivity  shown  by 
frequent  bladder  contractions 
during  continuous  saline  infusion 
(0.04  ml/min)  into  the  bladder 
was  induced  by  TRPA1 
stimulation  in  the  colon  (AI 
placement),  indicative  of  colon- 
to-bladder  cross-sensitization. 
There  was  no  apparent  change  in 
bladder  activity  when  saline 
solution  was  injected  and  retained 
in  the  colon  (vehicle  placement) 
prior  to  AI  administration,  b 
Bladder-to-colon  cross¬ 
sensitization  was  not  seen  after 
TRPA1  stimulation  in  the  bladder 
(AI  placement).  Colon  activity 
was  also  not  affected  by  saline 
injection  into  the  bladder  (vehicle 
placement)  prior  to  AI 
administration 
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A  Colon  treatment 


B  Bladder  treatment 


Fig.  2  Time-dependent  changes  in  intercontraction  interval,  mean 
intracolonic  pressure,  and  mean  intravesical  pressure  after  application  of 
AI,  a  TRPA1  activator,  into  the  colon  (a)  or  the  bladder  (b).  a  After  the 
application  of  AI  into  the  colon,  mean  intracolonic  pressure  was  signif¬ 
icantly  increased  from  30  min  and  intercontraction  interval  was  signifi¬ 
cantly  decreased  from  90  min,  indicative  of  colon-to-bladder  cross-sen- 

before  intracolonic  AI  administration,  significant  changes  in 
cystometric  parameters  such  as  voiding  threshold  pressure  and 
intercontraction  interval  were  completely  inhibited  (Fig.  3). 

Next,  in  the  bladder-to-colon  cross-sensitization  experi¬ 
ments,  there  were  no  apparent  changes  in  intracolonic  or 
intravesical  pressures  after  vehicle  (saline)  injection  into  the 
bladder  (Fig.  lb).  Following  the  application  of  AI  into  the 


o 


o 


sitization.  b  After  the  application  of  AI  into  the  bladder,  mean  intracolonic 
pressure  was  significantly  decreased  from  30  min,  although  mean 
intravesical  pressure  was  significantly  increased  from  30  min,  indicating 
that  bladder-to-colon  cross-sensitization  was  not  induced  by  TRPA1 
stimulation  in  the  bladder  (b).  *p<0.05  and  **/?<0.01 


bladder  (intravesically),  mean  intracolonic  pressure  was  sig¬ 
nificantly  decreased  from  30  min  after  the  application  (0  min: 
6.9±1.6  cmH20,  30  min:  5.4±1.7  cmH20,  60  min:  4.3 ± 
1.8  cmH20,  90  min:  3. 2 ±1.7  cmH20,  and  120  min:  2.3 ± 
1.8  cmH20),  although  mean  intravesical  pressure  was  signif¬ 
icantly  increased  from  30  min  after  the  AI  application  (i.e., 
0  min:  7.9±2.3  cmH20,  30  min:  16.5±2.0  cmH20,  60  min: 
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Fig.  3  Representative  cystometrograms  showing  the  effects  of 
intracolonic  ( i.col .)  allyl  isothiocyanate  (AI),  a  TRPA1  activator,  admin¬ 
istration  in  the  presence  of  HC -03 0031  ( HC ),  a  TRPA1  inhibitor,  which 
was  intravenously  (i.v.)  applied  30  min  before  the  AI  administration. 


Bladder  overactivity  shown  by  decreases  in  voiding  threshold  pressure 
and  intercontraction  intervals  via  TRPA1  stimulation  in  the  colon  (Fig.  1) 
was  completely  prevented  by  the  pretreatment  with  HC 
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Fig.  4  Evans  blue  (EB)  dye 
extravasation,  which  is  an 
indicator  of  vascular  permeability 
due  to  tissue  inflammation,  2  h 
after  application  of  allyl 
isothiocyanate  (AI),  a  TRPA1 
activator,  into  the  bladder  (a)  or 
the  colon  (b).  EB  dye 
extravasation  was  significantly 
increased  in  the  inflamed  organs 
after  the  AI  application,  and  also 
in  the  bladder  after  intracolonic 
AI  application  (i.e.,  colon-to- 
bladder  cross-sensitization),  but 
not  in  the  colon  after  intravesical 
AI  application.  *p<0.05  and 
**p<0.01  compared  to  the 
respective  vehicle-treated  groups 


A  Bladder  treatment  B  Colon  treatment 


Bladder  Colon  Bladder  Colon 


18.9±3.3  cmH20,  90  min:  19.6±2.4  cmH20,  and  120  min: 
19.5 ±3.0  cmH20)  (Figs,  lb  and  2b). 

In  the  rats  with  AI  injection  into  the  colon  or  the  bladder, 
EB  dye  extravasation  was  significantly  increased  in  the 
inflamed  organs  (colon:  AI  3.5 ±0.3  |±g/mg  vs  vehicle 
0.2±0.1  |±g/mg;  bladder:  AI  3.7±0.3  fig/mg  vs  vehicle 
0.2±0.1  fig/mg)  and  also  in  the  bladder  (AI  0.4± 
0.1  |±g/mg  vs  vehicle;0.2±0.1  jug/mg)  after  intracolonic 
AI  injection  (Fig.  4). 


Discussion 

The  results  of  this  study  indicate  that  TRPA1  stimulation  in 
the  colon  induces  colon-to-bladder  cross-sensitization,  lead¬ 
ing  to  bladder  overactivity  because  intercontraction  intervals 
and  voiding  threshold  pressure  during  continuous  saline  infu¬ 
sion  into  the  bladder  were  significantly  decreased  and  EB  dye 
extravasation  was  significantly  increased  in  the  bladder  after 
intracolonic  AI  application.  On  the  other  hand,  TRPA1  chan¬ 
nels  in  the  bladder  do  not  seem  to  induce  bladder-to-colon 
cross-sensitization  because  TRPA1  stimulation  in  the  bladder 
elicited  bladder  overactivity,  but  not  colonic  overactivity 
(Figs.  1  and  2).  In  addition,  it  is  known  that  high-dose  appli¬ 
cation  of  TRPA1  activators  to  organs  can  induce  desensitiza¬ 
tion  of  afferent  fibers  [21].  However,  50  mM  (0.5  %)  AI  used 
in  the  present  study  is  considered  not  to  induce  desensitization 
of  colon  or  bladder  afferent  pathways,  at  least  during  the 
observation  period,  because  mean  intracolonic  or  intravesical 
pressures  were  significantly  increased  after  the  AI  application 
into  the  colon  or  the  bladder,  respectively,  for  up  to  120  min. 

It  has  been  reported  that  intracolonic  application  of  TNBS 
induces  a  reduction  of  bladder  capacity,  which  is  prevented  by 
the  intracolonic  pretreatment  with  resiniferatoxin  that  induces 


desensitization  of  TRPV1  -expressing  afferents  in  the  colon 
[13],  and  that  intravesical  application  of  AI  induces  bladder 
overactivity,  which  is  blocked  by  desensitization  of  capsaicin- 
sensitive  afferent  pathways  [22].  In  this  study,  we  also  con¬ 
firmed  that  bladder  overactivity  (i.e.,  decreased 
intercontraction  intervals  and  voiding  threshold  pressure)  in¬ 
duced  by  TRPA1  stimulation  in  the  colon  was  completely 
prevented  by  the  i.v.  pretreatment  with  HC,  a  TRPA1  inhibi¬ 
tor.  TRPA1  is  selectively  expressed  by  a  subset  of  nociceptive 
sensory  neurons  that  also  express  TRPV1  [5],  suggesting  that 
TRPV1  and  TRPA1  may  mutually  control  the  transduction  of 
noxious  stimuli  in  TRPV1 -expressing  sensory  neurons  [9, 
23].  Furthermore,  TRPV1  and  TRPA1  are  more  than  just 
acute  damage  sensors  that  mediate  acute  pain;  they  also  play 
an  important  role  on  inflammatory  pain  and  possibly  neuro¬ 
pathic  pain  [23].  TRPV1  and  TRPA1  mediate  not  only  an 
afferent  signal  to  the  dorsal  horn  of  the  spinal  cord,  but  also  are 
involved  in  peripheral  efferent  function  of  afferent  nerves  via 
secretion  of  inflammatory  agents  such  as  substance  P  and 
calcitonin  gene-related  peptide  (CGRP),  which  causes  local 
neurogenic  inflammation  [24].  This  peripheral  inflamma¬ 
tion  then  produces  multiple  inflammatory  mediators 
such  as  bradykinin,  prostaglandins,  purines,  proteases, 
and  nerve  growth  factor  that  act  on  their  cognate  recep¬ 
tors  expressed  by  nociceptors  to  activate  intracellular 
signal  transduction  pathways  [9].  These  pathways  can 
phosphorylate  TRPV1  and  TRPA1  and  thereby  alter 
their  trafficking  to  the  membrane  and  their  thresholds 
and  kinetics  (peripheral  sensitization)  [23].  The  present 
study  further  suggests  that  TRPA1  channels  expressed  in 
capsaicin-sensitive,  TRPV1 -expressing  afferents  are  sig¬ 
nificantly  involved  in  the  emergence  of  cross¬ 
sensitization  among  pelvic  organs,  especially  for  colon- 
to  bladder  sensitization. 
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There  are  three  different  neural  cross-talk  mechanisms 
proposed  to  underlie  pelvic  organ  cross-sensitization  [14]. 
The  first  mechanism  is  considered  to  be  an  interaction  within 
dorsal  root  ganglion  (DRG)  neurons  with  branching  or  multi¬ 
ple  axons,  which  could  serve  as  direct  neuronal  connections 
among  different  organ  domains.  The  previous  studies  using 
dual  retrograde  dye  labeling  in  DRG  sections  have  demon¬ 
strated  that  convergent  DRG  neurons  receiving  afferent  inputs 
from  the  distal  colon  and  the  bladder  are  identified  in  14-1 7  % 
of  the  total  labeled  cells  [25,  26].  The  second  mechanism  is 
that  afferent  inputs  from  an  inflamed  structure  and  from  other 
uninflamed  structures  converge  on  the  same  intemeuron  lo¬ 
cated  in  the  dorsal  hom  of  the  spinal  cord.  It  has  been  reported 
that  afferent  pathways  originating  from  the  bladder  and  the 
distal  colon  send  their  axons  to  the  similar  levels  of  spinal 
cord,  i.e.,  the  L6-S2  levels  through  pelvic  nerves  and  the 
T13-L1  levels  through  hypogastric  nerves  [4,  27].  The  third 
mechanism  appears  to  involve  higher  centers  of  the  brain.  It  is 
well  known  that  Barrington’s  nucleus  located  at  the  brain  stem 
is  the  primary  component  of  the  pontine  micturition  center. 
The  divergent  projections  of  Barrington’s  nucleus  neurons  to 
parasympathetic  preganglionic  neurons  innervating  the  blad¬ 
der  and  the  colon  have  shown  that  individual  neurons  within 
Barrington’s  nucleus  are  likely  to  integrate  signals  from  distal 
pelvic  viscera  [28].  Based  on  these  findings,  it  is  assumed  that 
IC/BPS  may  be  induced  by  central  sensitization  due  to  neural 
cross-talk  in  the  DRG,  spinal  cord,  and/or  brain  levels. 

The  present  study  also  demonstrated  that  TRPA1  stimula¬ 
tion  in  the  colon  induced  bladder  inflammation  shown  by 
increased  plasma  extravasation  in  the  bladder,  although  plas¬ 
ma  extravasation  in  the  colon  was  not  detected  after  TRPA1 
stimulation  in  the  bladder.  These  results  coincide  with  the 
findings  of  colon-to-bladder,  but  not  bladder-to-colon,  cross¬ 
sensitization  in  pressure  measurement  experiments.  The  exact 
reason  for  this  one-way  sensitization  from  the  colon  to  the 
bladder  is  not  known;  however,  the  previous  study  using  mice 
showed  that,  in  lumbosacral  DRG,  TRPA1 -expressing  cells 
are  more  numerous  in  colonic  afferent  neurons  than  in  bladder 
afferent  neurons  [29].  Therefore,  TRPA1 -mediated  pelvic  or¬ 
gan  cross-sensitization  is  more  likely  to  occur  when  the  colon 
is  stimulated,  rather  than  when  the  bladder  is  stimulated. 
Furthermore,  it  has  been  reported  that,  when  AI  was  applied 
into  the  bladder,  colon,  or  utems,  plasma  extravasation  was 
significantly  increased  in  the  respective  inflamed  organs; 
however,  interestingly,  either  colon  or  uterus  inflammation 
significantly  increased  plasma  extravasation  in  the  uninflamed 
bladder,  whereas  cross-organ  sensitizing  effects  were  not  seen 
between  the  colon  and  utems  [20].  These  findings  suggest  that 
the  bladder  may  be  the  most  vulnerable  pelvic  organ  in  cases 
of  cross-sensitization  in  the  pelvis,  although  further  studies  are 
needed  to  clarify  this  point. 

In  conclusion,  TRPA1  stimulation  in  the  colon  can  induce 
bladder  overactivity  and  inflammatory  changes,  indicative  of 


colon-to-bladder  cross-sensitization.  These  findings  sug¬ 
gest  that  TRPA1  stimulation  plays  a  significant  role  in 
pelvic  organ  cross-sensitization  and  may  contribute  to 
the  pathogenesis  of  IC/BPS,  which  often  overlaps  with 
other  chronic  pelvic  pain  conditions. 
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Neural  cross-sensitization  has  been  postulated  as  a  mechanism  underlying 
overlaps  of  chronic  pelvic  pain  disorders  such  as  bladder  pain  syndrome/interstitial 
cystitis  (BPS/IC)  and  irritable  bowel  syndrome  (IBS).  Animals  with  experimental 
colitis  have  been  used  to  study  the  underlying  mechanisms  for  overlapped  pelvic 
pain  symptoms,  and  shown  to  exhibit  bladder  overactivity  evidenced  by  frequent 
voiding;  however,  it  has  not  directly  been  evaluated  whether  pain  sensation  derived 
from  the  lower  urinary  tract  is  enhanced  in  colitis  models.  Also,  the 
cross-sensitization  between  the  colon  and  urethra  has  not  been  studied  previously. 
In  the  present  study,  we  therefore  investigated  pain  behaviors  induced  by 
nociceptive  stimuli  in  the  lower  urinary  tract  and  the  involvement  of  C-fiber  afferent 
pathways  using  rats  with  colitis  induced  by  intracolonic  application  of 
2,4,6-trinitrobenzenesulfonic  acid  (TNBS).  In  TNBS-induced  colitis  rats  at  10  days, 
intravesical  application  of  resiniferatoxin  (RTx)  induced  a  significantly  greater 
number  of  episodes  of  both  licking  and  freezing  behaviors,  which  were  reduced  by 
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capsaicin-sensitive  C-fiber  afferent  desensitization.  Histochemical  studies  using 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 
61 
62 

63 

64 

65 


fluorescent  dye  tracers  injected  into  the  colon,  bladder  or  urethra  showed  that 
dichotomized  afferent  neurons  comprised  6.9-14.5%  of  LI,  L6  and  SI  dorsal  root 
ganglion  (DRG)  neurons  innervating  the  colon  or  the  lower  urinary  tract.  TRPV1 
mRNA  expression  was  significantly  increased  in,  the  bladder,  urethra  and  SI  DRG 
in  colitis  rats.  An  increase  in  myeloperoxidase  (MPO)  activity  was  found  in  the 
colon,  but  not  in  the  bladder  or  urethra  after  intracolonic  TNBS  treatment.  These 
results  indicate  that  TNBS-induced  colitis  increased  pain  sensitivity  in  the  bladder 
and  urethra  via  activation  of  C-fiber  afferent  pathways  due  to  colon-to-bladder  and 
colon-to-urethral  cross-sensitization,  suggesting  the  contribution  of  pelvic  organ 
cross-sensitization  mechanisms  to  overlapped  pain  symptoms  in  BPS/IC  and  IBS. 

Key  Words:  Pain  Behavior;  Cross-sensitization;  Lower  Urinary  Tract;  Bladder; 
Urethra;  Dorsal  root  ganglion  (DRG) 
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Bladder  pain  syndrome/interstitial  cystitis  (BPS/IC)  is  a  chronic  urological  disorder 
characterized  as  pelvic  pain  related  to  bladder  filling,  coupled  with  additional 
symptoms,  such  as  increased  urinary  frequency  and  urgency,  without  proven 
urinary  infection  or  other  obvious  pathology  (Hanno  et  al.,  2011).  It  is  currently 
estimated  that  3.3  to  7.9  million  United  States  women  18  years  old  or  older  is 
suffering  from  BPS/IC  (Berry  et  al.,  2011).  It  has  also  been  reported  that  over 
one-third  of  patients  diagnosed  with  BPS/IC  exhibit  symptoms  consistent  with 
irritable  bowel  syndrome  (IBS)  (Alagiri  et  al.,  1997,  Novi  et  al.,  2005),  while  26-56% 
of  patients  diagnosed  with  IBS  also  have  symptoms  of  BPS/IC  (Maxton  et  al.,  1989, 
Blanchard  et  al.,  2004).  In  addition,  BPS/IC  patients  often  report  pain  in  different 
and/or  additional  sites  such  as  the  urethra  (Warren  et  al.,  2008).  However,  the 
mechanisms  underlying  the  pelvic  organ  cross-talk  that  contributes  to  overlapped 
symptoms  in  chronic  pelvic  pain  syndromes  such  as  BPS/IC,  urethral  pain  and  IBS 
have  not  been  well  clarified. 
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Previous  animal  studies  demonstrated  that  TNBS-induced  experimental 
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colitis  produced  lower  urinary  tract  dysfunction  such  as  increased  voiding  frequency 
(Liang  et  al.,  2007,  Ustinova  et  al.,  2007)  and  an  increase  in  the  firing  rate  of 
bladder  afferent  nerves  in  response  to  urinary  bladder  distension  in  rats  (Ustinova  et 
al.,  2007).  These  animals  showed  increased  expression  of  neuropeptides  such  as 
substance  P  and  calcitonin  gene-related  peptide  (Pan  et  al.,  2010),  growth  factors 
and  mast  cells  (Liang  et  al.,  2007)  in  the  bladder.  Moreover,  a  recent  report 
demonstrated  that  desensitization  of  the  transient  receptor  potential  vanilloid  1 
(TRPV1)  by  intravesical  application  of  resiniferatoxin  (RTx)  suppressed  the 
increased  excitability  of  bladder  spinal  neurons  in  rats  with  acute  colitis  induced  by 
intracolonic  instillation  with  2,4,6-trinitrobenzenesulfonic  acid  (Malykhina  et  al., 
2013).  These  results  suggest  that  intracolonic  irritation  can  sensitize  bladder 
afferent  pathways,  resulting  in  bladder  overactivity.  Also,  in  previous  studies, 
pelvic  pain  conditions  in  the  colitis  model  were  assessed  by  the  visceromotor 
response  elicited  by  colorectal  distension  (Greenwood-Van  Meerveld  et  al.,  2005) 
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and  referred  somatic  hyperalgesia  in  the  paw  and/or  abdominal  skin  regions 
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(Cameron  et  al.,  2008,  Claudino  et  al.,  2010).  Thus,  although  the  rat  with 
experimental  colitis  has  been  used  as  an  animal  model  of  chronic  pelvic  pain,  pain 
sensation  derived  from  the  bladder  has  not  directly  been  evaluated  in  experimental 
colitis.  In  addition,  the  cross-talk  between  the  colon  and  urethra  to  induce  urethral 
pain  has  not  been  studied  previously  in  the  colitis  model.  Since  our  laboratory 
developed  a  rat  model  that  can  be  used  to  investigate  pain  sensation  from  the 
bladder  and  urethra  under  the  freely  moving  condition  by  monitoring  pain  behaviors 
such  as  freezing  and  licking  (Saitoh  et  al.,  2008),  we  investigated  whether 
nociceptive  behaviors  induced  by  chemical  stimuli  in  the  lower  urinary  tract  are 
enhanced  in  colitis  rats.  We  also  investigated  the  number  of  dichotomized  afferent 
neurons  that  innervate  both  colon  and  bladder  or  both  colon  and  urethra;  as  well  as 
changes  in  gene  expression  of  TRPV1  channels  in  dorsal  root  ganglia  (DRG), 
bladder  and  urethral  tissues. 
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EXPERIMENTAL  PROCEDURES 
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Animals 

Sixty-four  female  Sprague-Dawley  rats  (206  to  268  g)  were  used  in  this  study. 
Rats  were  divided  into  the  following  groups:  (1)  20  rats  for  behavioral  testing,  (2)  24 
rats  for  mRNA  measurement  with  RT-PCR,  (3)  8  rats  for  a  histochemical  study  with 
fluorescent  dye  tracers,  and  (4)  12  rats  for  MPO  activity  assay.  We  used  female 
rats  because  of  the  higher  prevalence  of  BPS/IC  and  IBS  in  women  than  in  men 
(Clemens  et  al.,  2007,  Ito  et  al.,  2007,  Hall  et  al.,  2008,  Lovell  and  Ford,  2012)  and 
the  technical  easiness  in  urethral  catheterization  during  behavioral  studies  in  female 
rats  compared  to  male  rats.  All  experiments  were  conducted  in  accordance  with 
institutional  guidelines  and  approved  by  the  University  of  Pittsburgh  Institutional 
Animal  Care  and  Use  Committee. 

Induction  of  experimental  colitis 

Experimental  colitis  was  induced  as  described  in  a  previous  report  (Liang  et  al., 
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2007)  with  slight  modification  in  the  injection  volume.  Briefly,  rats  fasted  for  24 
hours  were  anesthetized  with  isoflurane.  A  polyethylene  catheter  (PE90)  was 
inserted  from  the  anus  and  placed  approximately  6  cm  proximal  to  the  anal  verge, 
and  then  2,4,6-trinitrobenzenesulfonic  acid  (TNBS;  50  mg/mL  in  50%  ethanol,  0.4 
mL)  was  administered  through  the  catheter  and  retained  in  the  distal  colon  with  the 
rats  in  a  vertical  position  for  several  minutes.  Thereafter,  surgilube®  (E.  Fougera 
&  Co.,  Melville,  NY)  was  inserted  into  the  anal  canal  to  prevent  the  leakage  of  TNBS 
and  then  rats  were  returned  to  the  housing  facility  after  the  recovery  from 
anesthesia  until  each  assay.  Control  animals  received  the  vehicle  treatment  with 
0.4  mL  of  50%  ethanol.  In  some  rats  used  for  behavioral  testing,  capsaicin  (total 
125  mg/kg)  was  given  subcutaneously  in  divided  doses  on  2  consecutive  days:  25 
and  50  mg/kg  at  a  12-h  interval  on  the  first  day  and  50  mg/kg  on  the  second  day,  to 
induce  desensitization  of  capsaicin-sensitive  C-fiber  afferent  pathways  as  described 
in  previous  reports  (Cheng  and  de  Groat,  2004,  Kullmann  et  al.,  2008). 
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Nociceptive  behavior  study 
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The  measurement  of  nociceptive  behaviors  was  conducted  according  to  the 
previously  reported  method  (Saitoh  et  al.,  2008).  In  brief,  rats  were  acclimated  in 
metabolic  cages  (Nalgene  Co.,  Rochester,  New  York)  for  three  hours,  and  then 
placed  in  a  Bollman-type  restraining  device  (KN-326;  Natsume  Seisakusho,  Tokyo, 
Japan).  A  polyethylene  tube  (PE-50;  Clay  Adams  Division  of  Becton  Dickinson, 
Parsippany,  NJ)  was  inserted  into  the  bladder  through  the  urethra,  and  residual 
urine  was  withdrawn.  Thereafter,  RTx  (0.3  |uM),  or  the  corresponding  vehicle 
alone  (10%  ethanol,  10%  Tween  80,  and  80%  physiological  saline),  was  instilled 
into  the  bladder  via  the  catheter  at  a  volume  of  0.3  mL  and  kept  for  1  min.  The 
transurethral  catheter  was  then  removed  and  rats  were  placed  back  into  metabolic 
cages.  Two  types  of  behaviors,  licking  (lower  abdominal  licking)  and  freezing 
(motionless  head-turning  towards  the  lower  abdomen),  were  scored  for  a  15 
min-interval  that  was  divided  into  5-sec  intervals.  When  licking  or  freezing 
occurred  during  each  5-sec  interval,  it  was  scored  as  one  positive  event.  The 
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number  of  licking  or  freezing  behavior  events  was  summed  for  each  of  5-minute 
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periods  (0  to  5,  5  to  10  and  10  to  15  minutes)  following  the  RTx  treatment.  The 
intravesical  application  of  the  solution  (RTx  or  vehicle)  was  conducted  in  a  blinded 
manner  for  assessors  of  animal  behaviors. 

Retrograde  labeling  of  colon,  bladder  and  urethral  afferent  neurons 

Under  isoflurane  anesthesia,  rats  underwent  a  midline  laparotomy  to  gain  access  to 
the  pelvic  organs.  The  distal  colon  (2. 5-3. 5  cm  from  the  rectum)  and  the  bladder  or 
urethra  were  exposed,  and  1 ,1'-dioctadecyl-3,3,3\3Metramethylindocarbocyanine 
perchlorate  (Dil,  Invitrogen  Inc.,  Paisley,  UK;  1%  w/v  in  methanol)  was  injected  to 
6-8  different  sites  of  the  colonic  wall  using  a  30G  needle  syringe.  Additionally,  Fast 
Blue  (Polysciences  Inc.,  Warrington,  PA,  USA;  1%  w/v  in  water)  was  injected  into 
4-5  different  sites  of  the  bladder  or  urethral  wall  in  order  to  examine  the  presence  of 
DRG  neurons  innervating  the  colon  and  bladder  or  the  colon  and  urethra, 
respectively.  The  total  volume  of  dye  injected  into  each  organ  was  25  |uL.  To 
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prevent  leakage  and  labeling  of  adjacent  tissues,  the  needle  was  left  in  place  for  30 
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s  after  injection,  and  then  a  cotton  swab  was  applied  to  prevent  leaking. 
Abdominal  incisions  were  closed  with  sutures  and  rats  were  returned  to  housing 
facility  until  each  assay.  The  rats  were  post-operatively  treated  with  ampicillin  (1 00 
mg/kg,  subcutaneously;  Fort  Dodge  Animal  Health,  Fort  Dodge,  IA)  and 
buprenorphine  (0.05  mg/kg  subcutaneously;  Reckitt  Benckiser  Pharmaceuticals, 
Richmond,  VA)  twice  a  day  for  3  days. 

Histological  assessment  of  labeled  DRG  cells 

Ten  days  after  the  injection  of  dyes,  rats  were  euthanized  with  pentobarbital,  and 
DRG  at  Th13  to  S2  levels  were  removed  bilaterally.  The  specimens  were 
embedded  into  OTC  compound,  frozen  with  dry  ice/isopentane  (2-methylbutane) 
and  stored  at  -80  °C  until  used.  Serial  transverse  sections  were  cut  at  10  |um 
thickness  with  a  cryostat,  and  every  fourth  sections  were  mounted  on  slides  to  avoid 
duplicate  counting  of  the  cells.  Positively  labeled  cells  were  evaluated  with  an 
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Olympus  fluorescence  microscope  with  a  multiband  filter  set  for  Dil  and  FB.  Three 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 
61 
62 

63 

64 

65 


sections  each  from  the  right  and  left  DRG  at  each  level  were  randomly  selected  in  a 
rat,  and  the  number  of  dye-labeled  cells  per  section  was  counted.  Then,  the 
number  of  dye-labelled  cells  in  6  sections  per  one  DRG  level  was  averaged  in  each 
rat,  and  the  data  was  presented  as  mean  ±  SEM  of  4  rats.  The  percentage  of  dual 
labeled  neurons  was  determined  as  a  ratio  against  the  sum  of  Dil  or  FB  labeled 
neurons  (Malykhina  et  al.,  2006,  Christianson  et  al.,  2007). 

Myeloperoxidase  (MPO)  activity  assay 

Myeloperoxidase  is  an  enzyme  fond  primarily  contained  in  neutrophils;  and  the 
measurement  has  been  used  as  a  quantitative  index  of  inflammation  in  tissues 
including  the  colon  from  rats  with  colitis  (Smith  and  Castro,  1978,  Morris  et  al.,  1989, 
Yang  et  al.,  2008).  Colon,  bladder  and  urethral  tissues  were  rinsed  with  cold  PBS 
(pH  7.4),  weighed,  and  were  homogenized  for  30  s  at  4°C  after  addition  of  200  jlxI 
RIPA  lysis  buffer  (sc-24948;  Santa  Cruz  biotechnology,  California)  per  10  mg  of 
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tissue  and  were  homogenized  for  30  s  at  4°C.  The  homogenates  were  incubated 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 
61 
62 

63 

64 

65 


for  30  min  on  ice,  and  then  centrifuged  at  1 0,000  g  for  1 0  min  at  4°C.  The  levels  of 
MPO  in  the  supernatants  were  measured  by  using  a  MPO  assay  ELISA  Kit  (HK105; 
Hycult  biotechnology,  Netherlands)  according  to  the  manufacturer’s  instruction. 
Quantification  was  performed  by  measuring  absorbance  at  450  nm  using  a 
microplate  reader.  The  protein  concentrations  of  supernatants  were  also 
measured  by  using  BCA  Protein  Assay  Kit  (#23225;  Pierce  Biotechnology, 
Rockford)  according  to  the  manufacturer’s  instruction.  The  MPO  concentration 
was  standardized  relative  to  protein  levels  and  expressed  in  ng/mg  total  protein. 

RNA  isolation  and  real-time  PCR  analysis 

One  |ug  of  total  RNA  extracted  from  L6-S1  DRG,  bladder  or  urethra  tissues  was 
reverse-transcribed  into  cDNA  using  ThermoScript™  RT-PCR  system  (Invitrogen, 
Carlsbad,  CA)  according  to  the  manufacturer’s  instruction.  Quantitative  PCR  was 
performed  with  an  MX3000P  real-time  PCR  system  (Stratagene,  La  Jolla,  CA)  in  a 
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25  |uL  volume  using  SYB  Green  PCR  Master  Mix  (QIAGEN,  Velencia,  CA).  cDNA 
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product  was  amplified  by  40  cycles  (denaturation  at  95 °C  for  15  sec;  primer 
annealing  for  55 °C  for  60  sec;  and  elongation  for  72 °C  for  30  sec).  Primers 
sequences  used  for  real-time  PCR  were  the  following:  5’-  AGT  AAC  TGC  CAG 
GAG  CTG  GA-3’  (forward)  and  5’-  GTG  TCATTC  TGC  CCATTG  TG-3’  (reverse) 
for  rat  TRPV1  and  5’-  GGC  CAA  AAG  GGT  CAT  CAT  CT-3’  (forward)  and  5’-  GTG 
ATG  GCA  TGG  ACT  GTG  GT-3’  (reverse)  for  rat  GAPDH,  which  is  a  house 
keeping  gene  used  as  the  internal  control.  All  primers  for  PCR  reaction  were 
designed  based  on  the  NCBI  database  sequence  of  rat  reference  mRNA  and 
checked  for  specificity  with  BLAST  software  from  the  NCBI  website;  and  PCR 
products  were  validated  by  size  determination  after  separation  on  2%  agarose  gel. 

Drugs 

2,4,6-Trinitrobenzenesulfonic  acid  (TNBS),  capsaicin  and  resiniferatoxin  (RTx)  were 
purchased  from  Sigma-Aldrich  (St  Louis,  MO).  Capsaicin  and  RTx  were  dissolved 
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in  a  vehicle  consisting  of  10%  ethanol,  10%  Tween  80,  and  80%  physiological 


saline. 

Statistical  analysis 

All  data  were  represented  as  the  mean  ±  SEM.  Statistical  significance  was 
determined  by  unpaired  f-test  (two-tailed)  or  one-way  ANOVA  followed  by 
Bonferroni’s  Multiple  Comparison  test.  The  P  values  <  0.05  were  considered 


significant. 


RESULTS 
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Nociceptive  behaviors  in  conscious  rats  treated  with  TNBS 

At  day  10  after  intracolonic  administration  of  TNBS,  rats  did  not  show  apparent  pain 
behaviors  such  as  freezing  or  licking  compared  with  vehicle  (for  TNBS)-treated 
control  rats  when  noxious  stimulation  was  not  applied  (Fig.  1;  intravesical 
application  of  vehicle  for  RTx).  When  RTx  (0.3  |uM)  was  intravesically  applied, 
TNBS-untreated  control  rats  exhibited  no  apparent  freezing  behavior  with  slightly 
enhanced  licking  behavior  only  for  the  initial  5-minute  observation  period.  On  the 
other  hand,  a  significantly  greater  number  of  episodes  of  both  licking  and  freezing 
behaviors  were  shown  after  intravesical  application  of  RTx  (0.3  |uM)  in  rats  with 
TNBS-induced  colitis  compared  with  the  vehicle-treated  group  (Figs.  2C,  2D;  P  < 
0.001,  respectively),  indicating  increased  pain  sensitivity  to  noxious  stimuli  in  the 
lower  urinary  tract  following  TNBS-induced  colitis.  In  addition,  these  enhanced 
pain  behaviors  were  significantly  reduced  with  pre-treatment  with  capsaicin  that 
induced  desensitization  of  capsaicin-sensitive  C-fiber  afferent  pathways  (Figs.  2C, 
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2D;  P<  0.01,  respectively). 
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Myeloperoxidase  (MPO)  activity 

At  day  10  after  intracolonic  application  of  TNBS,  MPO  activity  in  the  colon  was 
significantly  (P<  0.01)  increased  compared  with  the  vehicle  treated  group  (Fig.  3). 
On  the  other  hand,  there  was  no  change  in  MPO  activities  in  either  the  bladder  or 
urethra  in  rats  with  TNBS-induced  colitis  (Fig.  3). 

Distribution  of  afferent  neurons  innervating  colon,  bladder  and  urethra 

DRG  neurons  retrogradely  labeled  by  fluorescent  dyes  injected  into  the  bladder, 
urethra  or  colon  are  counted  in  DRG  sections  at  T13  to  S2  levels.  Colonic  afferent 

neurons  labeled  with  Dil  were  distributed  in  LI ,  L2,  L6  and  SI  DRGs  with  abundant 
labeling  in  LI  and  SI  DRG  neurons  whereas  bladder  or  urethra  afferent  neurons 
labeled  by  FB  injected  into  the  bladder  or  urethra,  respectively,  were  distributed  in 
LI,  L6  and  SI  DRGs  with  abundant  labeling  in  L6  DRG  neurons  (Fig.  5).  In  T13, 
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L3-L5  and  S2  DRGs,  few  or  no  cells  were  labeled  with  either  FB  or  Dil. 
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Dichotomized  afferent  neurons  innervating  both  colon  and  bladder  or  both  colon 
and  urethra  were  observed  in  LI,  L6  and  SI  DRGs  (Figs.  4  and  5).  When  Dil  and 
FB  were  injected  into  the  colon  and  bladder,  respectively,  the  ratio  of  afferent 
neurons  with  dichotomizing  projection  to  both  colon  and  bladder  was  6.48-14.3% 
among  colon  or  bladder-innervating  afferent  neurons;  specifically  6.48  ±  2.26  %  in 
LI  DRG,  14.0  ±  2.50  %  in  L6  DRG  and  14.3  ±  1.99  %  in  SI  DRG  expressed  as 
percentage  of  Dil  and  FB  dually-labeled  neurons  among  the  sum  of  Dil  or  FB 
labeled  neurons  in  the  colon/bladder  dye-injected  group  (n=4  rats).  In  another 
series  of  experiments,  when  Dil  and  FB  were  injected  into  the  colon  and  urethra, 
respectively,  the  ratio  of  afferent  neurons  with  dichotomizing  projection  to  the  colon 
and  urethra  was  7.41-9.30%  among  colon  or  urethra-innervating  afferent  neurons; 
specifically  7.41  ±  1 .78  %  in  LI  DRG,,  9.30  ±  0.53  %  in  L6  DRG  and  8.43  ±  1 .85  % 
in  SI  DRG,  expressed  as  percentage  of  Dil  and  FB  dually-labeled  neurons  among 
the  sum  of  Dil  or  FB  labeled  neurons  in  the  colon/urethra  dye-injected  group  (n=4 
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rats). 
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Changes  in  TRPV1  mRNA  in  the  DRG,  bladder  and  urethra  after  TNBS 
treatment  in  rats 

In  TNBS-treated  colitis  rats,  the  mRNA  levels  of  TRPV1  in  the  bladder,  urethra  and 
SI  DRG  were  significantly  increased  compared  to  sham  rats  (Figs.  6A,  6B,  6D;  P< 
0.05,  respectively). 
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DISCUSSION 
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The  results  in  the  present  study  demonstrated  that  experimental  colitis  dramatically 
enhanced  the  freezing  behavior  induced  by  intravesically  applied  RTx  (TRPV1 
receptor  agonist)  at  a  low  concentration  (0.3  \iM),  which  induced  only  a  few  events 
of  nociceptive  behaviors  in  TNBS-untreated  control  rats.  Freezing  behavior 
induced  by  intravesical  application  of  RTx  in  rats  was  characterized  as  a  typical 
nociceptive  response  to  activation  of  pelvic  nerve  afferents  innervating  the  bladder 
(Saitoh  et  al.,  2008).  Also,  our  previous  studies  showed  that  the  delivery  of 
therapeutic  genes  encoding  enkephalins  or  anti-inflammatory  cytokines  to  the 
bladder  and  bladder  afferent  pathways  using  non-replicating  herpes  simplex  virus 
vectors  is  effective  to  reduce  freezing  behavior  induced  by  intravesical  RTx 
administration  without  affecting  licking  behavior  in  rats  (Funahashi  et  al.,  2013, 
Oguchi  et  al.,  2013,  Yokoyama  et  al.,  2013),  indicating  that  RTx-induced  freezing 
behavior  represents  the  pain  behavior  derived  from  nociceptive  stimulation  of  the 
bladder.  Although  previous  studies  demonstrated  that  rats  with  colitis  induced  by 
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TNBS  have  frequent  micturition  and  increased  afferent  excitability  in  response  to 
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urinary  bladder  distention  in  anesthetized  rats  (Ustinova  et  al.,  2007),  increased 
bladder  pain  sensitivity  in  this  colitis  model  had  not  yet  been  shown.  In  addition, 
von  Frey  testing  in  the  paw  and/or  abdominal  skin  regions  has  been  used  to 
evaluate  the  referred  pelvic  pain  in  rodent  colitis  models  (Cameron  et  al.,  2008, 
Claudino  et  al.,  2010);  however,  it  is  not  known  how  the  referred  somatic 
hyperalgesia  in  these  regions  correlates  to  pain  sensation  derived  from  the  bladder. 
In  this  regard,  our  current  results  directly  demonstrated  that  TNBS-induced  colitis  at 
10  days  enhances  bladder  pain  sensation  elicited  by  nociceptive  stimuli  in  the 
bladder  (i.e.,  freezing  behavior)  in  rats.  Furthermore,  we  confirmed  that 
dichotomized  afferent  neurons  projecting  to  both  the  distal  colon  and  bladder  are 
identified  in  DRGs  at  the  LI ,  L6  and  SI  levels,  the  percentage  of  which  (6.5-14.3%) 
is  in  accordance  with  the  results  in  the  previous  reports  (Malykhina  et  al.,  2006, 
Christianson  et  al.,  2007),  supporting  the  previous  notion  that  the  existence  of 
dichotomizing  pelvic  afferents  could  provide  a  pre-existing  neuronal  network  for 
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potential  pelvic  organ  cross-sensitization  (Ustinova  et  al.,  2010). 
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Another  new  finding  in  this  study  is  an  existence  of  an  organ  cross-talk 
between  the  colon  and  urethra  following  TNBS-induced  colitis  because  the 
cross-talk  between  these  two  organs  has  not  been  evaluated  previously.  The 
present  study  showed  that  dichotomization  of  sensory  neurons  projecting  to  the 
distal  colon  and  urethra  were  shown  at  LI ,  L6  and  SI  levels  (7. 4-9.3  %  of  the  sum 
of  colon  or  urethral  afferent  neurons)  in  rats  and  that  colitis  rats  showed  significantly 
enhanced  licking  behavior  after  the  intravesical  application  of  RTx.  Because  the 
licking  behavior  induced  after  intravesical  application  of  RTx  was  prevented  by 
transection  of  the  pudendal  nerves  that  innervate  the  urethra,  but  not  the  bladder 
(Saitoh  et  al.,  2008),  it  is  assumed  that  RTx-induced  licking  behavior  represents 
urethral  pain  due  to  afferent  nerve  activation  in  the  pudendal  nerve  by  RTx  expelled 
from  the  bladder  to  the  urethra  during  voiding.  Therefore,  these  data  suggest  that 
the  existence  of  dichotomizing  pelvic  afferents  between  the  colon  and  urethra  could 
contribute  to  pelvic  organ  cross-sensitization  between  these  two  organs  to  increase 
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pain  sensitivity  in  the  urethra  after  colonic  inflammation.  Increased  bladder  and 
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urethral  pain  sensitivity  after  colonic  inflammation  in  this  study  may  explain  at  least 
in  part  the  frequent  association  of  urethral  pain  in  BPS/IC  patients  (Warren  et  al., 
2008). 

In  this  study,  increased  MPO  activity,  which  correlates  with  the  tissue 
neutrophil  infiltration,  was  found  in  the  colon,  but  not  in  the  bladder  or  urethra, 
following  TNBS-induced  colitis.  These  results  indicate  that  pain  hypersensitivity  of 
the  bladder  and  urethra  in  rats  with  TNBS-induced  colon  inflammation  is  produced 
by  the  indirect  mechanisms  in  the  lower  urinary  tract  other  than  inflammatory 
changes  directly  elicited  by  TNBS  administered  into  the  colon.  Previous  studies 
have  demonstrated  that  pelvic  organ  cross  sensitization  is  induced  by  activation  of 
dichotomized  afferents  innervating  different  pelvic  organs  and  that  activation  of 
nociceptive  C-fiber  afferents  in  one  organ  could  sensitize  afferent  pathways  in 
another  organ  to  release  neuropeptides  such  as  substance  P  that  trigger 
neurogenic  inflammation  and  mast  cell  activation  (Malykhina  et  al.,  2012,  Fitzgerald 
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et  al.,  2013).  Also,  Pan  et  al.  demonstrated  that  desensitization  of 
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TRPV1  -expressing  afferent  pathways  by  intracolonic  application  of  RTx,  a  TRPV1 
receptor  agonist,  prior  to  the  induction  of  colonic  inflammation  prevented  the 
release  of  these  peptides  from  the  peripheral  nerve  terminals  and  reduced  the 
development  of  neurogenic  cross-talk  between  the  colon  and  bladder  (Pan  et  al., 
2010).  These  results  suggest  that  TRPV1 -expressing  C-fiber  afferent  pathways 
significantly  contribute  to  the  colon-to-bladder  cross  sensitization  following  colitis. 
Clinically,  an  increase  in  TRPV1  expression  in  the  bladder  has  also  been  reported  in 
patients  with  chronic  pelvic  pain  syndromes  including  BPS/IC  (Lowe  et  al.,  1997,  Liu 
et  al.,  2007,  Akbar  et  al.,  2008,  Poli-Neto  et  al.,  2009).  In  addition,  previous 
preclinical  studies  demonstrated  that  immunohistochemical  upregulation  of  TRPV1 
in  L6-S1  DRG  innervating  the  colon  was  observed  at  72  h  after  the  induction  of 
colitis  with  TNBS  in  rats  (De  Schepper  et  al.,  2008).  Our  results  also  showed 
upregulation  of  TRPV1  mRNA  expression  in  the  bladder,  urethra  and  SI  DRG  as 
well  as  enhanced  pain  behaviors,  which  was  reduced  after  desensitization  of 
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capsaicin-sensitive  afferent  pathways  in  rats  with  TNBS-induced  colitis  rats. 
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These  results  further  support  the  contribution  of  TRPV1  -expressing  C-fiber  afferent 
pathways  to  both  colon-to-bladder  and  colon-to-urethra  cross  sensitizations 
induced  by  colitis,  which  induce  increased  pain  sensation  in  the  bladder  and  urethra, 
respectively. 

Previous  studies  reported  that  the  combination  rat  model  of  endometriosis 
and  ureteral  calculosis  shows  enhanced  pain  behavior  from  both  the  urinary  tract 
and  female  reproductive  area,  indicating  that  these  two  comorbidities  strengthen 
the  viscero-visceral  cross-talk  (Giamberardino  et  al.,  2002,  Lopopolo  et  al.,  2014). 
Therefore,  future  studies  using  animal  models  including  those  of  combination 
visceral  pain  could  further  clarify  the  underlying  mechanisms  and  help  explore  new 
therapeutic  targets  for  clinical  symptoms  in  chronic  pain  syndromes. 
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CONCLUSION 


We  demonstrated  that  TNBS-induced  colitis  at  10  days  enhances  pain  sensation 
derived  from  the  bladder  and  urethra  as  evidenced  by  increased  freezing  and 
licking  behaviors  elicited  by  nociceptive  bladder  and  urethral  stimuli,  respectively. 
These  enhanced  pain  behaviors  are  considered  to  be  due  to  activation  of 
TRPV1 -expressing  C-fiber  afferent  pathways,  possibly  through  dichotomized 
afferents  innervating  both  colon  and  lower  urinary  tract.  These  pelvic  organ 
cross-sensitization  mechanisms  could  be  involved  in  overlapped  pain  symptoms  in 


BPS/IC  and  IBS. 
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Fig.  1.  Nociceptive  behaviors,  licking  and  freezing  in  rats  with  intracolonic 
administration  of  TNBS. 

A  and  B:  Effects  of  intracolonic  administration  of  TNBS  on  licking  (A)  and  freezing 
(B)  behavior  events  in  the  absence  of  intravesical  noxious  stimulation  in  rats  with 
vehicle  (0.4  mL  of  50%  ethanol)  or  TNBS  injection  into  the  colon.  Open  and  closed 
circle  indicate  behavioral  events  after  intravesical  application  of  vehicle  (10% 
ethanol,  10%  tween  80  and  80%  saline  used  for  dissolving  RTx)  in  rats  with 
intracolonic  vehicle  and  TNBS  injection,  respectively. 

C,  D,  E  and  F:  Nociceptive  behaviors  induced  by  intravesical  application  of  RTx  in 
rats  with  intracolonic  administration  of  TNBS.  TNBS-untreated  rats  (vehicle  for 
TNBS)  with  intravesical  treatment  of  vehicle  (intravesical  vehicle  for  RTx)  or  RTx 
were  also  included  as  controls.  After  RTx  (0.3  |uM)  was  applied  intravesically  for  1 
min,  the  number  of  licking  and  freezing  behavior  events  was  counted  for  15  min, 
and  summed  for  every  1  minute  and  plotted  in  C  and  D,  respectively.  The  total 
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number  of  licking  and  freezing  behavior  events  for  each  of  5-minute  periods  after 
the  instillation  by  RTx  is  shown  in  E  and  F,  respectively.  Some  TNBS-treated  rats 
were  treated  with  capsaicin  4  days  before  the  observation  (capsaicin-pretreated)  to 
investigate  the  effect  of  desensitization  of  capsaicin-sensitive  afferent  pathways. 
Each  point  or  bar  represents  the  mean  ±  SEM  from  5  or  6  rats.  Vehicle  for  RTx  was 
10%  ethanol,  10%  tween  80  and  80%  saline.  Vehicle  for  TNBS  was  50%  ethanol. 
P  <  0.05;  **P  <  0.01 ;  **P  <  0.001  (two-tailed,  unpaired  Mest  or  one-way  ANOVA 
followed  by  Bonferroni’s  Multiple  Comparison  test). 

Fig.  2.  Effects  of  intracolonic  administration  of  TNBS  on  myeloperoxidase  (MPO) 
activities  in  the  colon,  bladder  and  urethra  in  rats.  MPO  activities  were  quantified 
1 0  days  after  the  induction  of  colitis  in  rats.  Each  bar  represents  the  mean  ±  SEM 
from  6  rats.  Sham  was  treated  with  the  vehicle  for  TNBS  (50%  ethanol).  **P  <  0.01 
vs.  the  sham  group  (two-tailed,  unpaired  t-  test). 
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Fig.  3.  Representative  photomicrographs  of  DRG  sections  showing  retrogradely 
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labeled  DRG  neurons  1 0  days  after  the  injection  of  Dil  into  the  colon  and  FB  into  the 
bladder  or  urethra.  Upper  panels  (A-C)  display  the  fluorescent  image  of  the  same 
L6  DRG  section  showing  FB-labeled  bladder  afferent  neurons  (A),  Dil-labeled  colon 
afferent  neurons  (B)  and  dichotomized  afferent  neurons  innervating  both  colon  and 
bladder  indicated  by  yellow  arrows  (C).  Lower  panels  (D-F)  display  the  fluorescent 
image  of  the  same  SI  DRG  section  showing  FB-labeled  urethral  afferent  neurons 
(D),  Dil-labeled  colon  afferent  neurons  (E)  and  dichotomized  afferent  neurons 
innervating  both  colon  and  urethra  indicated  by  yellow  arrows  (F).  Calibration  bars: 
50  |um. 

Fig.  4.  Distribution  of  afferent  neurons  projected  to  the  colon,  bladder  and  urethra 
in  dorsal  root  ganglia  at  the  level  of  T3  to  S2  in  rats.  (A)  the  distribution  of  labeled 
neurons  after  Dil  and  FB  injection  into  the  distal  colon  and  bladder  wall,  respectively. 
In  each  bar,  colonic,  bladder  and  dually-labeled  afferent  neurons  are  expressed  as 
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shown  in  panel  A.  (B)  the  distribution  of  labeled  neurons  after  Dil  and  FB  injection 
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into  the  distal  colon  and  urethral  wall,  respectively.  In  each  bar,  colonic,  urethral  and 
dually-labeled  afferent  neurons  are  expressed  as  in  panel  B.  At  each  DRG  level, 
the  number  of  labeled  neurons  was  averaged  in  6  sections  (3  each  from  light  or  left 
side)  in  one  rat;  then  the  data  was  expressed  as  mean  ±  SEM  of  4  rats. 

Fig.  5.  Expression  levels  of  TRPV1  mRNA  against  a  house  keeping  gene 
(GAPDH)  in  the  bladder  (A),  urethra  (B),  L6  DRG  (C)  and  SI  DRG  (D)  in  vehicle 
(Sham)  and  TNBS-treated  rats. 

*P<  0.05  vs.  the  sham  group  (two-tailed,  unpaired  f-test). 
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Yunoki  T,  Takimoto  K,  Kita  K,  Funahashi  Y,  Takahashi  R, 
AQ:3  Matsuyoshi  H,  Naito  S,  Yoshimura  N.  Differential  contribution 
of  Kv4-containing  channels  to  A-type,  voltage-gated  potassium 
currents  in  somatic  and  visceral  dorsal  root  ganglion  neurons.  / 
Neurophysiol  112:  000-000,  2014.  First  published  August  20, 
2014;  doi:10.1152/jn.00054.2014. — Little  is  known  about  electro- 
physiological  differences  of  A-type  transient  K+  (KA)  currents  in 
nociceptive  afferent  neurons  that  innervate  somatic  and  visceral  tis¬ 
sues.  Staining  with  isolectin  B4  (IB4)-FITC  classifies  L6-S1  dorsal 
root  ganglion  (DRG)  neurons  into  three  populations  with  distinct 
staining  intensities:  negative  to  weak,  moderate,  and  intense  fluores¬ 
cence  signals.  All  IB4  intensely  stained  cells  are  negative  for  a 
fluorescent  dye,  Fast  Blue  (FB),  injected  into  the  bladder  wall, 
whereas  a  fraction  of  somatic  neurons  labeled  by  FB,  injected  to  the 
external  urethral  dermis,  is  intensely  stained  with  IB4.  In  whole-cell, 
patch-clamp  recordings,  phrixotoxin  2  (PaTx2),  a  voltage-gated  K+ 
(Kv)4  channel  blocker,  exhibits  voltage-independent  inhibition  of  the 
Ka  current  in  IB 4  intensely  stained  cells  but  not  the  one  in  bladder- 
innervating  cells.  The  toxin  also  shows  voltage-independent  inhibition 
of  heterologously  expressed  Kv4.1  current,  whereas  its  inhibition  of 
Kv4.2  and  Kv4.3  currents  is  voltage  dependent.  The  swapping  of  four 
amino  acids  at  the  carboxyl  portion  of  the  S3  region  between  Kv4.1 
and  Kv4.2  transfers  this  characteristic.  RT-PCRs  detected  Kv4.1  and 
the  long  isoform  of  Kv4.3  mRNAs  without  significant  Kv4.2  mRNA 
in  L6-S1  DRGs.  Kv4.1  and  Kv4.3  mRNA  levels  were  higher  in 
laser-captured,  IB4-stained  neurons  than  in  bladder  afferent  neurons. 
These  results  indicate  that  PaTx2  acts  differently  on  channels  in  the 
Kv4  family  and  that  Kv4.1  and  possibly  Kv4.3  subunits  functionally 
participate  in  the  formation  of  KA  channels  in  a  subpopulation  of 
somatic  C-fiber  neurons  but  not  in  visceral  C-fiber  neurons  innervat¬ 
ing  the  bladder. 

A-type  K  channel;  dorsal  root  ganglion;  nociceptive  C-fiber;  phrixo¬ 
toxin  2;  Kv4  channel 


primary  afferent  neurons  responsible  for  pain  sensation  con¬ 
tain  lightly  myelinated  or  unmyelinated  fibers  with  medium-  to 
small-sized  cell  bodies.  Neurons  with  unmyelinated  fibers 
(C-fiber  neurons)  are  responsible  for  chronic  and  intractable 
pain  with  clinical  significance.  Neurochemically,  C-fiber  neu¬ 
rons  are  divided  further  into  two  major  subtypes.  One  group 
contains  neuropeptides,  such  as  calcitonin  gene-related  peptide 
(CGRP)  and  substance  P,  whereas  the  other  group  lacks  pep¬ 
tides  but  contains  fluoride-resistant  acid  phosphatase  activity 
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and  binds  to  the  Griffonia  simplicifolia  isolectin  B4  (IB4) 
(Nagy  and  Hunt  1982;  Silverman  and  Kruger  1990).  Although 
the  presence  of  two  C-fiber  neuron  types  is  well  established, 
their  differences  in  innervating  tissues  remain  uncertain.  For 
example,  retrograde  labeling  indicated  that  dorsal  root  gan¬ 
glion  (DRG)  neurons,  innervating  the  skin  and  bladder,  consist 
of  both  IB4-positive  and  -negative  cells  (Bennett  et  al.  1996). 
More  IB4-positive  cells  are  found  in  skin  afferents  than  bladder 
afferents,  suggesting  that  the  two  types  of  C-fiber  neurons  may 
preferentially  innervate  somatic  or  visceral  tissues  (Bennett  et 
al.  1996).  However,  the  proportion  of  IB4-positive  cells  in 
somatic  or  visceral  afferent  pathways  varies  among  studies 
(Ambalavanar  et  al.  2003;  Bennett  et  al.  1996;  Dang  et  al. 
2005;  Hwang  et  al.  2005;  Ivanavicius  et  al.  2004;  Lu  et  al. 
2001;  Yoshimura  et  al.  2003). 

Voltage-gated  K+  (Kv)  currents  are  major  determinants 
of  neuronal  excitability.  Kv  currents  in  sensory  neurons  are 
divided  into  two  major  categories:  sustained,  delayed  recti¬ 
fier-type  K+  (Kdr)  and  transient  A-type  K+  (KA)  currents 
(Gold  et  al.  1996;  Hall  et  al.  1994;  Kostyuk  et  al.  1981; 
Yoshimura  et  al.  1996).  KA  currents  in  DRG  cells  consist  of 
at  least  two  different  components,  based  on  their  inactiva¬ 
tion  kinetics  (i.e.,  fast-  and  slow-inactivating  KA  currents) 
(Akins  and  McCleskey  1993;  Everill  et  al.  1998;  McFarlane 
and  Cooper  1991).  The  slow-inactivating  KA  current  in  DRG 
neurons  is  partially  inhibited  by  o:-dendrotoxin,  a  Kvl  channel 
blocker  (Yang  et  al.  2004).  Furthermore,  chronic  bladder 
inflammation  increases  excitability  of  capsaicin-sensitive  C-fi¬ 
ber  bladder  afferent  neurons  due  to  reductions  in  the  slow- 
inactivating  Ka  current  and  Kvl. 4  channel  expression  (Hayashi 
et  al.  2009;  Yoshimura  and  de  Groat  1999).  Thus  Kvl. 4- 
containing  Kvl  family  channels  are  responsible,  at  least  in  part, 
for  the  Ka  current  in  visceral  afferent  neurons.  Other  potential 
molecular  correlates  of  the  KA  current  include  Kv4  family 
channels.  Kv4.x  subunits  constitute  a  KA-like,  rapidly  inacti¬ 
vating  channel  (Bimbaum  et  al.  2004).  Kv4.3-immunoreactive 
proteins  were  found  in  the  somata  of  a  subset  of  nociceptive 
DRG  neurons  (Chien  et  al.  2007).  We  also  reported  recently 
that  Kv.4.1  mRNA  is  expressed  in  all  sizes  of  rat  DRG 
neurons,  using  in  situ  hybridization  techniques  (Matsuyoshi  et 
al.  2012).  Thus  multiple  Kv  subunits  may  significantly  partic¬ 
ipate  in  forming  KA  channels,  yet  molecular  correlates  of  KA 
currents  in  distinct  target  tissues,  cell  morphologies,  and  other 
properties  still  remain  unclear. 
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We  therefore  set  out  to  identify  cellular  and  electrophysio- 
logical  characteristics  of  KA  channels  in  DRG  neurons  inner¬ 
vating  somatic  and  visceral  tissues.  Here,  we  show  that  IB4 
intensely  positive  neurons  innervate  the  somatic  tissue  but  not 
the  bladder.  Moreover,  phrixotoxin  2  (PaTx2),  a  Kv4  channel 
blocker,  exhibits  distinct  voltage-dependent  inhibitions  of  het- 
erologously  expressed  Kv4.x  currents.  With  the  use  of  this 
toxin,  we  identify  further  the  functional  contribution  of  Kv4.1/ 
4.3  subunits  to  the  KA  channel  in  IB4  intensely  positive  C-fiber 
neurons  that  contain  somatic  afferent  cells. 

Glossary 

t  act  Time  constants  of  current  activation 

r  decay  Time  constants  of  current  decay 

D  Concentration  of  toxins  (M) 

G/G  max  (control)  Peak  K+  conductance  relative  to  the 

maximum  conductance  in  control 
h  Hill  coefficient 

I/I  max  Normalized  peak  K+  current  ampli¬ 

tude  for  inactivation  curve  analy¬ 
sis 

Ic  Mean  amplitude  of  depolarization- 

induced  current  in  control  (in  the 
absence  of  toxins) 

k  Slope  factor 

Kj  Apparent  dissociation  constant 

L  Fractional  current  amplitude  re¬ 

maining  when  the  affinity  sites 
are  fully  occupied 

Vh  Voltage  at  half-maximal  conductance 

MATERIALS  AND  METHODS 

Animal  Preparation  and  DRG  Cell  Dispersion 

Adult  female  Sprague-Dawley  rats  (200-250  g;  Hilltop,  Pittsburgh, 
PA)  were  used.  All  animal  experiments  were  carried  out  in  accordance 
with  institutional  guidelines  and  were  approved  by  the  Institutional 
Animal  Care  and  Use  Committee  at  the  University  of  Pittsburgh  and 
with  the  guidelines  by  the  U.S.  National  Institutes  of  Health  regarding 
the  care  and  use  of  animals  for  experimental  procedures.  Fast  Blue 
(FB;  2%  w/v;  EMS-Chemie,  Zurich,  Switzerland)  was  injected  into 
the  bladder  wall  to  identify  afferent  neurons  innervating  the  bladder  as 
visceral  neurons  by  retrograde  axonal  transport  of  the  fluorescent  dye, 
as  described  previously  (Hayashi  et  al.  2009;  Yoshimura  and  de  Groat 
1999).  Briefly,  the  bladder  was  exposed  by  a  midline  lower- abdominal 
incision,  and  the  dye  was  injected  with  a  30-gauge  needle  at  four  to  six 
sites  (20  pi  total  vol)  on  the  surface  of  the  bladder  under  isoflurane 
anesthesia  (1-2%).  At  each  injected  site,  the  needle  was  kept  in  place 
for  20-30  s,  and  any  leakage  of  dye  was  removed  by  application  of 
cotton  swab.  The  injection  site  was  then  rinsed  with  saline,  and  the 
incision  was  closed.  In  a  separate  group  of  animals,  we  injected  FB 
into  the  dermis  surrounding  the  external  urethral  orifice  at  four  sites 
(20  pi  total  vol)  to  identify  afferent  neurons  innervating  the  skin  as 
somatic  neurons.  After  6-9  days,  under  isoflurane  anesthesia,  the  L6 
and  SI  DRG  were  removed,  minced,  and  incubated  for  25  min  at  37°C 
in  DMEM  (Sigma-Aldrich,  St.  Louis,  MO),  containing  0.3  mg/ml 
trypsin  (type  III;  Sigma-Aldrich),  1  mg/ml  collagenase  (type  I-A; 
Sigma-Aldrich),  and  0.1  mg/ml  deoxyribonuclease  (type  IV;  Sigma- 
Aldrich).  Trypsin  inhibitor  (type  II-S;  Sigma-Aldrich)  was  then  added 
to  neutralize  the  enzyme  activity.  Individual  DRG  cell  bodies  were 
isolated  by  trituration  and  plated  on  poly-D-lysine-coated,  8  mm  round 
coverglasses  and  incubated  at  37°C  overnight  before  patch-clamp 
experiments.  Just  before  the  experiments,  single  cells  were  stained  by 


G.  simplicifolia  IB4-FITC  (3  /xg/ml;  Axxora,  San  Diego,  CA)  for  5 
min.  The  staining  condition  of  IB4-FITC  does  not  influence  Kv 
currents  in  DRG  neurons,  including  KA  currents  (Vydyanathan  et  al. 

2005). 

Morphological  Characterization  in  Native  DRG  Neurons 

The  coverglass  with  cultured  cells  was  mounted  on  a  cell  chamber 
for  patch-clamp  recordings.  Microscopic  characterization  of  cells  was 
performed  by  measuring  cell  diameter  and  fluorescence  intensities  of 
FB  and  IB4-FITC  by  visual  inspection  (done  by  one  examiner,  T.Y.). 

The  degree  of  IB 4  staining  in  the  cell  membrane  was  divided  into 
three  grades:  grade  0 ,  weakly  or  nonstained  (including  cytosol-stained 
cells);  grade  1 ,  moderately  stained  on  the  whole  circle  of  the  cell 
membrane;  grade  2,  intensely  stained  on  the  whole  circle  of  the  cell 
membrane. 

We  also  verified  this  visual  grading  using  the  fluorescence  intensity 
of  individual  cells.  Briefly,  we  quantitatively  measured  the  staining 
intensity  of  92  DRG  neurons,  randomly  photographed  during  exper¬ 
iments  using  Image J  software.  The  lowest  and  highest  intensities  of 
IB4  staining  were  rated  as  0%  and  100%,  respectively.  With  the  use 
of  this  scale,  all  visually  classified  grades  0 , 1,  and  2  cells  fell  into  the 
measured  fluorescence  intensity:  <20%  of  the  highest  intensity  (32  of 
92  cells;  34.8%),  between  20  and  70%  (41  of  92  cells;  44.6%),  and 
>70%  (19  of  92  cells;  20.6%),  respectively. 

Constructions  and  Transfection 

We  used  Kv4.x  channels  containing  a  Myc  tag  at  the  N-terminus 
for  this  study.  Addition  of  the  tag  allowed  the  easy  detection  of 
channel  protein  expression.  Myc-tagged  Kv4.x,  Kvl.4,  and  Kv2.1 
cDNAs  were  constructed  previously  in  our  laboratory  (Ren  et  al. 

2003).  We  targeted  the  four- amino  acid  portions  in  the  carboxyl 
terminal  of  the  S3  region  (S3b)  to  test  its  roles  in  voltage  dependence 
of  the  toxin  effects  (see  Fig.  6).  Replacement  of  the  four-amino  acid 
sequences  between  Kv4.1  and  Kv4.2  was  done  using  a  two-step, 
overlapped  PCR  with  primers  containing  a  part  of  the  other  channel 
subunit  sequence.  Obtained  constructs  were  verified  by  DNA  se¬ 
quencing. 

Chinese  hamster  ovary  (CHO)-Kl  cells  on  an  8-mm  coverslip  were 
transfected  with  expression  constructs  for  Myc-tagged  mouse  Kv4.1, 
rat  Kv4.2,  and  rat  Kv4.3  at  the  cDNA  ratio  1:4— 1:8  using  Lipo- 
fectamine  PLUS  (Invitrogen,  Life  Technologies,  Grand  Island,  NY). 

We  also  transfected  rat  Kvl.4  and  rat  Kv2.1  on  CHO-K1  cells.  A 
small  amount  of  Emerald-Cl  (10  ng/dish)  was  included  in  transfection 
for  visualization  of  transfected  cells  (Takimoto  et  al.  2002).  One  or  2 
days  after  transfection,  at  —10%  confluence,  the  membrane  currents 
of  the  cells  were  recorded  using  patch-clamp  methods. 

Whole-Cell,  Patch- Clamp  Recording  Procedure 

The  setup  of  the  patch-clamp  experimental  system  used  was  es¬ 
sentially  the  same  as  described  previously  (Hayashi  et  al.  2009; 
Yoshimura  and  de  Groat  1999).  Briefly,  a  whole-cell,  voltage-clamp 
recording  was  performed  on  dispersed,  native  DRG  neurons  or  cul¬ 
tured  CHO-K1  cells  with  an  Axopatch-700B  patch-clamp  amplifier, 
and  data  were  acquired  and  analyzed  by  pCLAMP  8  software  at  a 
sampling  rate  of  1,000/s  (Axon  Instruments,  Union  City,  CA).  The 
filter  was  set  to  -  3  dB  at  2,000  Hz,  and  the  P/N  protocol  was  used  to  AQ:  5 
subtract  leak  currents.  Whole-cell  input  capacitance  was  neutralized 
directly  from  the  amplifier.  Current  traces  were  low-pass  filtered  by 
the  digital  filter  of  the  data  acquisition  program  (pCLAMP  8).  Patch 
electrodes  were  fabricated  from  borosilicate  capillary  tubing  and  had 
resistances  of  3-7  MCI  when  filled  with  the  internal  solution.  During 
recordings,  isolated  DRG  neurons  and  CHO-K1  cells  were  superfused 
with  bath  solution  at  a  flow  rate  of  2.0  ml/min  in  a  chamber  with  a 
0.30-ml  vol  at  room  temperature  (20-22°C).  Patch  pipettes  were  filled 
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Equation  for  Curve  Fitting  of  the  Effects  of  PaTx2  on  Expressed 
Kv4  Currents 


with  a  solution  containing  the  following  (in  mM):  140  KC1,  1.0  CaCl2, 
2.0  MgCl2,  11  EGTA,  2.0  ATP,  0.40  GTP,  and  10  HEPES,  titrated  to 
pH  7.4  with  Tris  base. 

For  patch-clamp  experiments  in  native  DRG  neurons,  we  selected 
two  populations  of  single  cells:  1 )  FB -positive  bladder  afferent  neu¬ 
rons  smaller  than  30  jam  in  diameter  and  2)  intensely  stained  cells 
with  IB4-FITC.  Note  that  there  was  no  overlap  in  these  two  popula¬ 
tions  (see  Table  3).  We  obtained  outward  KDR  currents  by  depolar¬ 
izing  step  pulses  from  a  holding  potential  of  —40  mV  for  500  ms,  and 
the  outward  KA  current  was  obtained  by  subtracting  KDR  from  the 
outward  currents  activated  from  the  holding  potential  of  —120  mV 
(/_  i20)»  as  established  previously  (Hayashi  et  al.  2009;  Yoshimura  and 
de  Groat  1999). 

The  extracellular  solution,  which  contained  the  following  (in  mM): 
150  choline-Cl,  5.0  KC1,  0.03  CaCl2,  3.0  MgCl2,  10  D-glucose,  and 
10  HEPES/Tris-base  (pH  7.4),  was  used  to  suppress  inward  Na+  and 
Ca2+  currents.  At  the  end  of  experiments,  all  neurons  investigated 
their  capsaicin  (1  jaM)  sensitivity  by  switching  the  bath  solution  to  the 
following  solution  (in  mM):  150  NaCl,  5.0  KC1,  2.5  CaCl2,  1.0 
MgCl2,  10  D-glucose,  and  10  HEPES/Tris-base  (pH  7.4).  Only  the 
capsaicin-sensitive  cells  were  enrolled  into  analysis. 

In  Kv  channel-expressed  CHO  cells,  Kv  currents  were  evoked  by 
depolarizing  voltage  pulses  from  holding  potentials  of  — 100  mV.  The 
extracellular  solution  included  the  following  (in  mM):  150  NaCl,  5.0 
KC1,  2.5  CaCl2,  1.0  MgCl2,  10  D-glucose,  and  10  HEPES/Tris-base 
(pH  7.4). 

Drugs 

All  drugs  were  dissolved  directly  into  the  extracellular  solution. 
PaTx2  was  applied  to  the  cell  by  injection  into  the  bath  solution. 
Recombinant  PaTx2  was  purchased  from  Alomone  Labs  (Jerusalem, 
Israel).  The  rest  of  the  chemicals  were  purchased  from  Sigma- Aldrich. 

Equation  for  Curve  Fitting  of  the  Steady-State  Activation  and 
Inactivation  of  KA  and  Kv4  Currents 

The  peak  outward  current  amplitude,  evoked  by  depolarization 
from  the  holding  potential  of  -100  mV  to  various  potentials,  from 
—  60  to  +50  mV  every  10  mV,  was  recorded  to  estimate  the  peak  K+ 
conductance.  The  duration  from  a  pulse  to  the  next  pulse  was  5  s.  The 
steady-state  activation  curve  was  plotted  as  the  G/G  max  (control)  vs. 
the  test  potential  (V)  concerning  the  theoretical  equilibrium  potential 
of  K+  in  20°C.  The  data  were  fitted  by  the  modified  Boltzmann 
equation 

G/G  max  (control)  =  1/(1  +  exp  \(Vh  -  V)/k]) 

Steady-state  inactivation  was  determined  by  depolarizing  voltage 
steps  to  +20  mV,  following  1  s  conditioning  prepulses  from  —120  to 
+  20  mV.  The  inactivation  curve  was  plotted  as  the  I/I  max  vs.  the 
potential  of  the  conditioning  prepulse  (V).  The  data  were  fitted  by  the 
modified  Bolzmann  equation 

I/I  max  =  1/(1  +  exp  [(V  -  Vh)/k]) 

Table  1.  PCR  primers  for  DRG  RNAs 


The  peak  inward  current  amplitude,  evoked  by  depolarization  from 
the  holding  potential  of  - 100  mV  to  +30  mV  for  a  duration  of  300 
ms  every  15  s  (0.067  Hz),  was  measured  to  obtain  a  concentration- 
response  relationship  of  toxins.  The  mean  amplitude  (/)  of  two 
outward  currents,  just  before  application  of  toxins,  was  taken  as  the 
control  level,  and  the  amplitude  of  current  (mean  of  two  stable 
depolarization-induced  currents)  during  toxin  application  (4-7  min 
after  application)  was  estimated.  The  curve  was  drawn  by  fitting  the 
equation  using  the  least  squares  method 

1/IC  =  L  +  (1  —  L)/[  1  +  (D/K,)]"  AQ:  7 


Total  RNAs  were  isolated  from  L6  and  SI  DRGs  and  forebrains, 
and  RT  reaction  and  PCR  analyses  are  performed  as  described 
previously  (Takimoto  et  al.  2006).  We  also  performed  PCR  analyses 
for  Kv4.1  and  Kv4.3  mRNA  expression  in  laser-captured  DRG 
neurons.  L6  DRGs  were  removed  from  rats  that  had  been  injected 
with  FB  into  the  bladder  wall,  1  wk  earlier,  and  serially  sectioned  at 
8  jam  thickness.  Every  third  section  was  mounted  onto  polyethylene 
naphthalate  membrane  slides  (Leica  Microsystems,  Wetzlar,  Ger¬ 
many)  to  avoid  repeated  excision  of  cells.  Slides  were  then  stained 
with  IB4-FITC  conjugate  (50  jag/ml  in  PBS)  for  5  min,  rinsed  with 
PBS,  and  air  dried.  The  slides  were  observed  using  a  fluorescence 
microscope  with  the  appropriate  filter,  and  laser  capture  microdissec¬ 
tion  (LCM)  was  performed  using  the  Leica  LMD6000  (Leica  Micro¬ 
systems,  Buffalo  Grove,  IL).  DRG  cells,  labeled  with  FB  or  stained  AQ:  8 
with  IB4  ( n  =  20  cells  each/animal),  were  laser  captured  into  0.5  ml 
Eppendorf  tube  caps.  RNA  was  isolated  from  captured  individual 
tissue  specimens,  followed  by  DNase  treatment.  RT  and  real-time 
PCR  were  performed  using  the  TaqMan  One-Step  RT-PCR  Master 
Mix  Reagents  Kit  (Applied  Biosystems,  Carlsbad,  CA;  Tables  1  and  Tl 
2).  Gene- specific  primers  and  TaqMan  probes  were  designed  with  T2 
Primer3  Software  (Totowa,  NJ).  Probes  contained  FAM  fluorophore  AQ:  9 
and  TAMRA  quencher.  The  primer  and  probe  combination  was  AQ:  10 
optimized  within  suitable  ranges  for  efficiency  and  correlation  coef¬ 
ficient  using  standard  curve  dilutions  and  data  output  on  the  ABI 
StepOne  Plus  thermocycler  (Applied  Biosystems).  Amplification  of 
cDNA  was  performed  under  the  following  conditions:  one  cycle  of 
50°C  for  2  min,  95  °C  for  10  min,  followed  by  40  cycles  of  15  s  at 
95  °C  and  60  s  at  60°C.  The  reactions  were  analyzed  in  triplicate  and 
normalized  to  GAPDH.  Real-time  PCR  data  were  analyzed  by  the 
difference  in  crossing  point  (Cp)  method,  as  R  =  2A(Cp  sample  —  Cp  AQ:  11-12 
control)  to  generate  the  relative  expression  ratio  (R)  of  each  target  AQ:  13 
gene  relative  to  GAPDH. 


Statistical  analyses  were  performed  with  nonparametric  Mann- 
Whitney  test  (see  Table  5)  and  nonparametric  Wilcoxon  signed-rank 


RT-PCR  Analysis 


Statistical  Analysis 


Gene 

GenBank  # 

Sequence 

Position 

Size,  bp 

Kv4.1 

XM_2 17601 

ACTAGCGGGTCTTCGGAGGA 

TCACAGGGAAGAGATCTTGA 

1,683-1,702 

1,953-1,934 

271 

Kv4.2 

NM_031730 

TCCGCCACATCCTCAACTTC 

CATCCTCATTGTCTGTCATCAC 

828-847 

1,406-1,385 

579 

Kv4.3 

NM_031739 

GCAAGACCACGTCACTCATC 

AGGTGCGTGGTCTTCTTGCT 

1,455-1,474 

1,671-1,652 

217  (S) 

274  (L) 

GAPDH 

NM_0 17008 

TATGATGACATCAAGAAGGTGG 

CACCACCCTGTTGCTGTA 

787-808 

1,005-988 

219 

DRG,  dorsal  root  ganglion;  Kv,  voltage-gated  K+;  S,  short  splicing  isoform  of  Kv4.3;  L,  long  splicing  isoform  of  Kv4.3. 
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Table  2. 

Real-time  PCR  primers  and  probes  for  laser-captured  cells 

Gene 

GenBank  # 

Sequence 

Position 

Kv4.1 

NM_001 105748 

5'  Primer 

GCACCAGCAAGACCAACTTC 

1,049-1,068 

3'  Primer 

GTACAGGCAAGGCAATGACC 

1,213-1,194 

Probe 

TGGTGCCTAGCACCATCGCA 

1,133-1,152 

Kv4.3 

NM_031739 

5'  Primer 

CAAGACCACGTCACTCATCG 

1,490-1,509 

3'  Primer 

AGAGAAGGGCTTCTGGTGGA 

1,642-1,623 

Probe 

TGAGCAGAACTGCATGGAGAGCTCA 

1,583-1,607 

GAPDH 

NM_0 17008 

5'  Primer 

AGACAGCCGCATCTTCTTGT 

29-48 

3'  Primer 

GATACGGCCAAATCCGTTC 

112-94 

Probe 

GCAGTGCCAGCCTCGTCTCA 

49-68 

AQ:  14 


FI 


T3 


0 

L 

0 

R 


test  (see  Figs.  3  and  7,  and  see  Table  6).  Changes  were  considered 
significant  at  *P  <  0.05,  and  **P  <  0.01.  Data  are  expressed  as  mean 
with  the  SE,  except  those  (see  Table  5)  that  were  expressed  as  mean 
with  SD. 

RESULTS 

Characterization  of  Bladder  and  Cutaneous  DRG  Neurons 

We  first  examined  IB4-FITC  binding  to  acutely  dissociated, 
live  L6-S1  DRG  neurons  from  animals  that  had  been  injected 
with  FB  at  the  bladder  walls.  Dissociated,  single  DRG  neurons 
(530  cells)  were  observed  as  round-  to  oval-shaped  cells,  in 
which  11%  (59  cells)  were  FB-positive  bladder  afferent  neu¬ 
rons  (Fig.  1  A).  Staining  with  IB4-FITC  provided  various  flu¬ 
orescence  intensities.  We  classified  cells  based  on  the  IB4- 
staining  level  into  three  categories:  cells  showed  no  or  negli¬ 
gible  fluorescent  staining  (IB 4:0),  whereas  others  exhibited 
moderate  to  intense  signals  (moderate,  IB4:1;  intense,  IB4:2; 
Fig.  1  and  Table  3).  The  analysis  of  530  cells  from  three  rats 
in  this  fashion  indicated  that  >V3  of  cells  were  moderately 
stained  with  IB4,  whereas  —20%  of  cells  were  intensely 
stained  (Table  3).  IB4-stained  cells  were  distributed  in  various 


sizes  of  DRG  neurons  (Fig.  IB).  We  also  verified  visual 
evaluation  of  IB4-FITC  signal  intensity  by  measuring  the 
fluorescence  intensity  of  92  DRG  neurons,  randomly  photo¬ 
graphed  during  experiments.  The  fluorescence  intensity  of 
grades  0 ,  7,  and  2  cells,  judged  by  visual  evaluation,  was 
<20%  (32  of  92  cells;  34.8%),  between  20  and  70%  (41  of  92 
cells;  44.6%),  and  >70%  (19  of  92  cells;  20.6%)  of  the  highest 
value  among  DRG  neurons,  respectively,  demonstrating  that 
our  visual  evaluation  method  is  appropriate  to  classify  DRG 
neurons  based  on  IB4-staining  intensity.  FB-positive  bladder 
afferent  neurons  showed  only  negative  to  weak  (IB4:0,  35/59 
cells  =  59%)  or  moderate  (IB4:1,  24/59  cells  =  41%)  IB4- 
FITC  staining  and  were  never  intensely  stained  with  IB4-FITC 
(Fig.  1A). 

L6-S1  DRG  also  contains  somatic  afferent  neurons  inner¬ 
vating  the  external  skin  area  surrounding  the  urethra  through 
the  pudendal  nerve.  Therefore,  we  analyzed  a  total  of  260  cells 
from  three  rats  that  had  been  injected  with  FB  at  the  external 
urethral  dermis  (Fig.  2  and  Table  4).  Among  those,  34  cells  F2,T4 
(13%)  were  FB-positive  cutaneous  afferent  neurons.  As  ex¬ 
pected,  three  IB4-staining  categories  represented  similar  pro¬ 
portions  to  the  above  experiments.  Likewise,  no  apparent 
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Fig.  1.  Morphological  characterization  of  dissociated  L6-S1  dorsal  root  ganglion  (DRG)  neurons  from  rats  injected  with  Fast  Blue  (FB)  into  the  bladder  wall. 
A:  single  DRG  neurons  in  the  same  field,  observed  by  light-field  and  fluorescent  microscope,  are  shown  in  the  top  and  bottom,  respectively.  Top :  an  arrow 
indicates  a  FB-positive  bladder  afferent  neuron  identified  under  the  fluorescent  light.  Bottom :  single  DRG  neurons  with  various  green-staining  intensities  of 
isolectin  B4  (IB4)-FITC.  The  numbers  (0-2)  beside  the  cells  indicate  the  intensity  of  staining:  0,  no  or  weak  (negative)  staining;  1,  moderate  staining;  2,  intense 
staining.  B :  cell-size  distributions  of  FB-positive  and  -negative  DRG  cells  with  different  IB4  staining  intensities  ( grades  0-2).  Note  that  there  is  no  grade 
2-stained  cells  in  FB-positive  bladder  afferent  neurons. 
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Table  3.  IB4  staining  intensity  of  bladder  afferent  neurons  Table  4.  IB4  staining  intensity  of  skin  afferent  neurons 


IB4:0 

IB4: 1 

IB4:2 

IB4:0 

IB4: 1 

IB4:2 

FB -negative  neurons 
Bladder  afferent  neurons 
Total  neurons 

168  (32%) 

35  (6.6%) 
203  (38%) 

198  (37%) 

24  (4.5%) 
222  (42%) 

105  (20%) 

0  (0%) 
105  (20%) 

FB -negative  neurons 

Skin  afferent  neurons 
Total  neurons 

90  (35%) 

11  (4.2%) 

101  (39%) 

96  (37%) 

14  (5.4%) 
110(42%) 

40  (15%) 

9  (3.5%) 
49  (19%) 

Total  530  cells.  Fast  Blue  (FB)  was  injected  into  the  bladder  wall  at  4-6 
sites  (20  /x  1  total  vol)  in  each  animal.  IB4,  isolectin  B4. 


Total  260  cells.  FB  was  injected  into  the  skin  surrounding  the  external 
urethral  orifice  at  4  sites  (20  /xl  total  vol)  in  each  animal. 


correlation  between  IB 4- staining  intensity  and  cell  size  was 
observed.  However,  FB -positive  cutaneous  afferent  neurons 
included  many  IB4-stained  cells,  and  >Va  of  FB-positive  cells 
were  intensely  stained  with  IB4-FITC  (IB4:2,  nine/34  cells). 
Thus  intense  IB4-positive  cells  constitute  a  subpopulation  of 
somatic  afferent  neurons  innervating  the  urethral  external  skin, 
whereas  visceral  afferent  neurons  innervating  the  bladder  con¬ 
sist  of  IB4-negative  to  moderately  stained  cells.  Hence,  affer¬ 
ent  neurons  with  distinct  IB4-staining  intensities  may  prefer¬ 
entially  innervate  either  cutaneous  or  visceral  tissues. 

Distinct  Effects  of  PaTx2  on  KA  Currents  in  Bladder  Afferent 
and  IB4-Positive  Neurons 

Ka  currents  play  important  roles  in  controlling  activity  of 
excitable  cells,  including  sensory  neurons.  We  wished  to  iden¬ 
tify  functional  differences  in  KA  currents  between  cutaneous 
and  visceral  afferent  neurons.  We  chose  two  populations  of 
L6-S1  DRG  neurons,  <30  jam  in  diameter,  from  rats  injected 
with  FB  in  the  bladder:  7)  IB4  intensely  stained  cells  and  2) 
FB-positive  cells.  The  former  represents  a  subpopulation  of 
somatic  afferent  neurons,  whereas  the  latter  corresponds  to  a 
fraction  of  bladder  afferent  neurons.  There  was  no  overlap  in 
these  two  neuron  types.  All  of  the  tested  cells  in  the  two  groups 
showed  the  response  to  capsaicin  (1  juM)  to  induce  inward 
current,  indicating  that  they  were  capsaicin-sensitive  C-fiber 
afferent  cells.  The  peak  current  density  of  the  capsaicin- 
induced  inward  current  was  80  ±  4.7  pA/pF  ( n  =  24)  in  IB4 
intensely  stained  neurons  and  89  ±  12  pA/pF  in  bladder 
afferent  neurons  ( n  =  11). 

Kv  currents  were  recorded  using  two  holding  potentials  to 
obtain  KDR  and  KA  current  components.  KDR  currents  were 


evoked  from  a  holding  potential  of  —40  mV,  whereas  KA 
currents  were  obtained  by  subtracting  KDR  currents  from  /_120, 
as  we  reported  previously  (Hayashi  et  al.  2009;  Yoshimura  and 
de  Groat  1999).  Peak  amplitudes  of  KA  and  KDR  were  larger  in 
IB4  intensely  stained  cells  than  those  in  bladder  afferent 
cells  (P  <  0.01,  Mann- Whitney  test;  Table  5).  The  Vh  in  ts 
steady-state  activation  and  inactivation  was  lower  in  IB4 
intensely  stained  cells  than  those  in  bladder  afferent  neurons 
(P  <  0.01  for  steady-state  activation,  and  P  <  0.01  for 
steady-state  inactivation,  Mann- Whitney  test;  Table  5). 

These  differences  indicate  that  the  bladder  afferent  cells 
possess  a  typical  slowly  inactivating  KA  current,  as  we  have 
reported  previously  (Yoshimura  and  de  Groat  1999;  Yoshimura  et 
al.  1996),  whereas  IB4  intensely  positive  cells  display  KA 
currents  with  faster  kinetics. 

Recent  studies  indicate  that  Kv4.x  subunits  are  significantly 
expressed  in  DRG  neurons  (Matsuyoshi  et  al.  2012;  Phuket  and 
Covarrubias  2009).  To  identify  the  functional  contribution  of 
Kv4  channels  to  KA  currents  in  DRG  neurons,  we  tested  the 
effect  of  a  Kv4  blocker,  PaTx2,  on  the  currents.  Application  of 
PaTx2  at  1  juM  significantly  inhibited  the  KA  current  in  IB 4 
intensely  positive  cells  (P  <  0.01  for  PaTx2,  500  nM;  P  <  0.01 
for  PaTx2,  1,000  nM;  Wilcoxon  signed-rank  test)  without 
significant  influence  on  the  KDR  current  (96  ±  0.85%  of  the 
predrug  value  for  PaTx2,  1,000  nM,  n  =  13;  Fig.  3,  A,  7?,  and  F3 
D).  In  contrast,  PaTx2  produced  no  effect  on  the  KA  currents  in  AQ:  is 
FB-positive  bladder  afferent  neurons  (Fig.  3,  C  and  D).  These 
results  indicate  that  Kv4  family  channels  contribute  to  the  KA 
current  in  IB4  intensely  stained  afferent  neurons  that  represent 
a  subpopulation  of  somatic  afferent  cells.  In  contrast,  these 
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Fig.  2.  Morphological  characterization  of  dissociated  L6-S1  DRG  neurons  from  rats  injected  with  FB  into  the  skin  around  the  urethral  orifice.  A:  single  DRG 
neurons  in  the  same  field  observed  by  light-field  and  fluorescent  microscope  are  shown  in  the  top  and  bottom,  respectively.  Top :  arrows  indicate  FB-positive 
cutaneous  afferent  neurons  identified  under  the  fluorescent  light.  Bottom :  single  DRG  neurons  with  various  green- staining  intensities  of  IB4-FITC.  The  numbers 
(0-2)  beside  the  cells  indicate  the  intensity  of  staining,  as  described  in  Fig.  1.  B :  cell-size  distributions  of  FB-positive  and  -negative  DRG  cells  with  different 
IB4-staining  intensities  (grades  0-2).  Note  that  grade  2-stained  cells  are  observed  in  FB-positive  cutaneous  afferent  neurons. 
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Kv4-CONTAINING  CHANNELS  IN  SOMATIC  C-FIBER  AFFERENT  NEURONS 


Table  5.  Electrophysiological  properties  of  IB4  intensely  positive 


and  bladder  afferent  neurons 


IB4  Intensely 
Positive  Cells 

Bladder  Afferent 
Cells 

Number  of  cells 

21 

9 

Diameter,  pm 

27  ±  2.1 

24  ±  2.2* 

Input  capacitance,  pF 

35  ±  3.7 

28  ±  3.3* 

IA  peak  at  0  mV,  nA 

2.5  ±  0.63 

0.73  ±  0.14* 

IDR  peak  at  0  mV,  nA 

1.3  ±  0.39 

0.75  ±  0.22* 

Steady- state  activation  Vh,  mV 

-58  ±  4.4 

-39  ±  5.0* 

Steady-state  inactivation  Vh,  mV 

-89  ±  4.3 

-75  ±  4.3* 

t  act  at  0  mV,  ms 

1.9  ±  0.20 

3.5  ±  0.72* 

r  decay  at  0  mV,  ms 

160  ±  19 

210  ±  17* 

Values  are  means  ±  SD.  IA,  A-type  transient  K+  current;  IDR,  delayed 
rectifier-type  K+  current.  *P  <  0.01  vs.  IB4  intensely  positive  cells,  Mann- 
Whitney  test. 


channels  do  not  contribute  significantly  to  the  KA  current  in 
bladder  afferent  neurons. 

PaTx2  is  closely  related  to  the  gating-modifying  toxins  that 
act  on  Kv2  and/or  Kv4  channels,  such  as  hanatoxins  and 
heteropoda  toxins  (Diochot  et  al.  1999;  Escoubas  et  al.  2002; 
Sanguinetti  et  al.  1997;  Swartz  and  MacKinnon  1995).  These 
toxins  usually  exhibit  voltage-dependent  inhibition  of  target 
channel  currents.  We  found  that  PaTx2  similarly  inhibited  the 
Ka  current  in  IB 4  intensely  positive  DRG  neurons  at  all 


depolarizing  pulses  (Fig.  4 A).  No  apparent  voltage  shift  was  F4 
seen  in  the  normalized  steady- state  activation  curves  before 
and  after  application  of  PaTx2  (Fig.  4 B).  The  toxin  produced 
no  significant  changes  in  time  constants  for  activation  and 
inactivation,  although  it  tended  to  slow  both  processes  at  all 
voltages  (Fig.  4,  C  and  D).  Thus  PaTx2  voltage  independently 
blocks  the  KA  current  in  IB4  intensely  stained  cells  without 
apparent  effects  on  activation  or  inactivation. 

Distinct  Effects  of  PaTx2  on  Heterologously  Expressed  Kv4 
Channels 

The  lack  of  voltage  dependence  of  the  toxin  action  on  the 
native  KA  current  stimulated  us  to  test  whether  the  toxin  might 
similarly  inhibit  heterologously  expressed  Kv4  currents  in  a 
voltage-independent  fashion.  We  expressed  N-terminally  Myc- 
tagged  rat  Kv4.1,  Kv4.2,  or  Kv4.3  channels  in  CHO  cells. 
Transient  outward  K+  currents  were  evoked  by  depolarizing 
voltage  pulses  in  channel  cDNA-transfected  cells  (Fig.  5,  fs 
A-C).  The  inactivation  time  courses  were  slightly  slower  than 
those  obtained  with  the  corresponding  channels  without  a  tag 
(time  constants  of  inactivation  at  30  mV  were  56.3  ±  6.8  ms 
for  wild-type  Kv4.3  and  104.7  ±  22.3  ms  for  Myc-tagged 
Kv4.3;  unpublished  observation).  The  toxin  at  500  nM  signif¬ 
icantly  reduced  the  peak  amplitude  of  all  Kv4.x  currents  (P  < 
0.01  for  all  Kv4.x  currents  evoked  with  depolarization  to  0  mV 


IB-4  intensely  positive  neuron 


B 


Control 


PaTx2  1  |jM 


PaTx2  1  |jM 


Bladder  afferent  neuron 


D  O  IB4  intensely  positive  neuron 
•  Bladder  afferent  neuron 


Control 


PaTx2  1  pM 


Phrixotoxin  (LoglO  M) 


Fig.  3.  Effects  of  phrixotoxin  2  (PaTx2)  on  A-type  transient  K+  (KA)  currents  in  IB4  intensely  stained  and  bladder  afferent  neurons.  KA  current  (IA)  trace  was 
obtained  by  subtracting  the  delayed  rectifier-type  K+  (KDR)  current  (IDR)  from  the  outward  currents  activated  from  the  holding  potential  of  —120  mV  (I_i20). 
IDR  and  I_120  were  evoked  by  a  depolarizing  voltage  step  to  0  mV  from  the  holding  potential  of  —40  mV  and  — 120  mV,  respectively.  A  and  C:  representative 
I-120’  Idr>  and  Ia  before  (Control)  and  after  application  of  1  pM  PaTx2  in  an  IB4  intensely  positive  neuron  (A)  and  a  bladder  afferent  neuron  (C).  B:  the  time 
course  of  PaTx2  effects  on  peak  IA  amplitudes  in  an  IB4  intensely  positive  neuron.  D :  the  concentration-response  relationship  of  PaTx2.  Relative  peak  IA 
amplitudes  were  determined  using  the  level  before  application  of  PaTx2  (control)  as  1  from  the  same  cell.  In  IB4  intensely  positive  cells,  PaTx2  decreased  the 
Ka  current  in  a  concentration-dependent  manner:  300  nM,  0.93  ±  0.024;  500  nM,  0.87  ±  0.019;  1,000  nM,  0.74  ±  0.040  ( n  =  4—18).  Peak  IA  amplitudes  at 
500  and  1,000  nM  PaTx2  were  significantly  different  from  the  control  level  in  IB4  intensely  positive  cells  (P  <  0.01  for  PaTx2,  500  nM;  P  <  0.01  for  PaTx2, 
1,000  nM,  Wilcoxon  signed-rank  test).  In  contrast,  PaTx2  exhibited  no  significant  changes  in  peak  IA  amplitudes  in  bladder  afferent  neurons:  500  nM,  0.98  ± 
0.0050;  1000  nM,  0.94  ±  0.023  {n  =  6—11).  The  data  are  expressed  as  means  ±  SE. 
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Fig.  4.  Effects  of  PaTx2  on  steady-state  kinetic  parameters  of  IA  in  IB4  intensely  stained  neurons.  IA  current  trace  was  obtained  by  subtracting  KDR  from  I_120. 
Membrane  depolarization  was  evoked  by  test  pulses  from  —80  to  +10  mV  with  a  10-mV  interval  from  the  holding  potential  of  —40  mV  (KDR)  and  — 120  mV 
(I_i2o)-  A:  representative  IA  current  traces  show  inhibition  by  PaTx2  and  its  recovery.  IA  in  IB4  intensely  positive  DRG  cells  was  suppressed  by  application  of 
1  pM  PaTx2  and  was  almost  totally  recovered  after  washing  PaTx2  by  perfusion.  B :  relative  conductance  levels  (G/G  max  control)  are  plotted  against  the 
depolarizing  test  potential  (V).  Open  and  filled  circles  indicate  the  values  before  and  after  application  of  PaTx2,  respectively.  Solid  lines  were  obtained  with  the 
relative  conductance  levels  in  the  absence  and  presence  of  1  pM  PaTx2.  A  broken  line  was  generated  with  the  normalized  PaTx2  data  using  the  maximum 
conductance  value.  C:  t  act  are  plotted  against  V.  D:  t  decay  are  plotted  against  V.  Note  that  time-constant  (r)  values  for  activation  and  inactivation  were  obtained 
using  a  single  exponential  equation.  The  data  are  expressed  as  means  ±  SE  (n  =  5). 


and  +30  mV,  Wilcoxon  signed-rank  test;  Fig.  5,  A-C).  The 
estimated  Kt  values  were  230  nM,  120  nM,  and  110  nM  for 
Kv4.1,  Kv4.2,  and  Kv4.3  currents  evoked  with  depolarization 
T6  to  +30  mV,  respectively  (Table  6).  No  detectable  effects  were 
seen  with  Kvl.4  or  Kv2.1  currents  at  500  nM  (data  not  shown). 
Hence,  PaTx2  is  specific  for  Kv4  family  channels  in  this 
concentration  range. 

Importantly,  we  found  that  PaTx2  produced  distinct  inhibi¬ 
tory  actions  on  Kv4  currents.  The  toxin  similarly  reduced 
Kv4.1  current  elicited  by  pulse  voltages  at  0  and  +30  mV, 
whereas  it  caused  more  pronounced  inhibition  of  Kv4.2  and 
Kv4.3  currents  at  the  lower  pulse  voltage  (Fig.  5 D).  The  toxin 
did  not  apparently  change  the  voltage  dependence  of  steady- 
AQ:  16  state  activation  (Fig.  5 A)  or  inactivation  (Fig.  5 E)  for  the  Kv4. 1 
current.  In  addition,  no  significant  changes  in  the  time  con¬ 
stants  for  activation  or  inactivation  were  observed  at  any  pulse 
voltages  for  the  current  (Fig.  5 A).  In  contrast,  the  toxin  caused 
clear  changes  in  these  parameters  for  Kv4.2  and  Kv4.3  cur¬ 
rents.  The  steady-state  activation  (Fig.  5,  B  and  C)  and  inacti¬ 
vation  (Figs.  5E )  curves  were  shifted  to  more  positive  voltages 
with  significant  changes  in  the  time  constants  for  activation  and 
inactivation  (Fig.  5,  B  and  C).  These  results  indicate  that  the 
toxin  voltage  independently  and  dependently  inhibited  Kv4.1 
and  Kv4.2/Kv4.3  currents,  respectively.  It  should  be  noted, 
however,  that  Kv4.3  current  exhibited  a  complex  behavior 
upon  the  toxin  treatment  and  might  involve,  in  part,  voltage- 
independent  inhibition  by  the  toxin.  For  instance,  the  current 
showed  a  less  obvious,  positive  shift  in  the  steady-state  inac¬ 
tivation  (Fig.  5 E). 


The  observed  different  inhibitory  modes  of  Kv4  channels 
might  arise  from  sequence  differences  in  their  interaction  site 
with  PaTx2.  Specifically,  the  latter  part  of  the  third  transmem¬ 
brane  S3  is  a  major  interaction  site  with  gating  modifier  toxins. 
Sequence  alignment  of  Kv4  polypeptides  revealed  divergence 
of  four  amino  acids  in  this  portion  (Fig.  6 A).  Therefore,  we  set  F6 
out  to  test  if  swapping  this  portion  between  Kv4  proteins  might 
transfer  voltage  dependence  of  the  toxin  action.  Since  Kv4.1 
and  Kv4.2  channels  show  apparent  differences  in  the  toxin 
inhibition,  we  generated  the  two-channel  proteins  with  the 
four-amino  acid  sequence  of  the  other  at  the  corresponding  site 
(Kv4.1-VMTD  and  Kv4.2-FVPK).  Kv4.1-VMTD  exhibited 
most  of  the  characteristics  of  the  wild-type  Kv4.2  channel  in 
the  toxin  inhibition.  The  toxin  produced  larger  inhibition  at 
lower  pulse  voltage  (Fig.  6 D)  and  shifted  steady- state  activa¬ 
tion  and  inactivation  curves  to  the  right  (Fig.  6,  B  and  E).  Time 
constants  for  inactivation  were  also  reduced  at  lower  voltages. 
Similarly,  Kv4.2-FVPK  showed  voltage-independent  inhibi¬ 
tion  by  the  toxin.  The  toxin  similarly  decreased  Kv4.2-FVPK 
current  at  different  pulse  voltages  (Fig.  6 D)  without  an  appar¬ 
ent  shift  in  the  steady-state  inactivation  curve  and  time  con¬ 
stants  (Fig.  6,  E  and  B).  These  results  indicate  that  the  four- 
amino  acid  portion  at  the  end  of  S3  determines  voltage  depen¬ 
dence  of  the  inhibition  by  PaTx2. 

Expression  of  Kv4  mRNAs  in  DRG  Neurons 

We  performed  RT-PCRs  to  detect  the  expression  of  Kv4 
mRNAs.  Abundant  expression  of  Kv4.1  and  the  long  isoform 
of  Kv4.3  mRNAs  were  seen  in  L6-S1  DRGs  (Fig.  7A).  In  F7 
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Table  6.  Effects  of  PaTx2  on  Kv4  channels  expressed  in  CHO  cells 


Kv4.1 

Kv4.2 

Kv4.3 

Kv4.1  VMTD 

Kv4.2  FVPK 

Kt  value,  nM 

0  mV 

250 

80 

89 

55 

650 

30  mV 

230 

120 

110 

36 

810 

Steady- state  activation  Vh,  mV 

Control 

-11  ±  1.7 

-4.8  ±  1.4 

-3.1  ±  1.6 

-2.4  ±  2.2 

-2.9  ±  1.9 

PaTX2,  200  nM 

-3.8  ±  2.0* 

7.6  ±  1.7* 

12  ±  3.3* 

12  ±  2.9* 

3.4  ±  2.8** 

Steady- state  activation  slope  factor 

Control 

15  ±  0.55 

16  ±  0.53 

15  ±  0.34 

15  ±  0.58 

16  ±  0.40 

PaTX2,  200  nM 

18  ±  0.37* 

15  ±  0.55 

17  ±  0.81 

14  ±  0.73 

17  ±  0.50* 

Steady- state  inactivation  Vh,  mV 

Control 

-44  ±  0.90 

-44  ±  1.8 

-32  ±  1.7 

-36  ±  1.7 

-42  ±  1.2 

PaTX2,  500  nM 

-45  ±  1.3 

-36  ±  1.8* 

-23  ±  2.3* 

-18  ±  1.9* 

-44  ±  0.88 

Steady- state  inactivation  slope  factor 

Control 

6.4  ±  0.26 

8.3  ±  0.46 

6.7  ±  0.37 

5.5  ±  0.14 

8.4  ±  0.27 

PaTX2,  500  nM 

7.5  ±  0.47 

8.8  ±  0.71 

10  ±  0.56* 

8.3  ±  0.41* 

9.2  ±  0.55 

CHO,  Chinese  hamster  ovary.  Values  are  means  ±  SE  (n  =  5-11).  *P  <  0.05,  and  fP  <  0.01  vs.  respective  control  values,  Wilcoxon  signed-rank  test;  *values 
obtained  after  application  of  phrixotoxin  2  (PaTX2),  500  nM. 


contrast,  a  very  low  level  of  the  Kv4.2  message  was  detected. 
These  findings  indicate  that  DRG  neurons  are  largely  devoid  of 
Kv4.2. 

We  then  compared  the  expression  level  of  Kv4.1  and  Kv4.3 
mRNAs  between  bladder  afferent  neurons  and  IB4-stained 
DRG  neurons  using  LCM  methods  (Fig.  IB).  Although  the 
difference  in  IB4-staining  intensity  (e.g.,  intense  vs.  moderate 
staining)  is  less  obvious  in  DRG  sections  (Fig.  IB)  compared 
with  the  cell  culture  system  (Figs.  1  and  2),  we  laser  captured 
DRG  cells,  which  were  not  labeled  by  FB  injected  into  the 
bladder  wall,  with  relatively  strong  IB4  staining.  Real-time 
PCR  analysis  detected  higher  expression  of  Kv4.1  and  Kv4.3 
mRNAs  in  laser-captured,  IB4-stained  neurons  than  in  FB- 
labeled  bladder  afferent  neurons  (n  =  6  rats;  P  <  0.05  for  both 
Kv4.1  and  Kv4.3,  Wilcoxon  signed-rank  test;  Fig.  7,  D  and  E). 

Taken  together,  the  findings  suggest  that  selective  expres¬ 
sion  of  the  pore-forming  Kv4.1  and  possibly  Kv4.3  in  IB4 
intensely  stained  afferent  neurons  contributes  to  the  observed 
voltage-independent  inhibition  of  the  KA  current. 

DISCUSSION 

IB4  Staining  of  Bladder  and  Cutaneous  Afferent  Neurons  in 
Rats 

Several  groups  have  reported  various  percentages  of  IB4- 
positive  cells  in  adult  rat  bladder  afferents  (L6-S1):  14%  (adult 
female)  (Yoshimura  et  al.  2003),  29%  (adult  male)  (Bennett  et 
al.  1996),  48%  (adult  male)  (Hwang  et  al.  2005),  and  61% 
(adult  male)  (Dang  et  al.  2005).  Dang  et  al.  (2005)  reported  the 
highest  rate  of  IB4  staining  in  bladder  afferents,  possibly  due  to 
the  high-intensity  staining  by  IB4-Alexa  Fluor  488  used  in 
their  study,  whereas  IB4-FITC  was  used  in  other  studies, 
including  our  current  study.  The  former  two  groups  also 
reported  that  the  percentage  of  IB4-positive  cells  is  higher  in 
somatic  afferent  neurons  than  in  bladder  afferents:  27%  (distal 
urethra,  L6-S1  DRG)  (Yoshimura  et  al.  2003)  and  43%  (medial 
ankle,  L3  DRG)  (Bennett  et  al.  1996).  Other  studies  have  also 


found  high  percentages  of  IB  4-positive  cells  in  cutaneous 
somatic  afferent  neurons  from  lumber  DRG  of  adult  rats:  48% 
(knee)  (Ivanavicius  et  al.  2004),  44%  (vibrissal  pad  area) 
(Ambalavanar  et  al.  2003)  using  IB4-FITC,  and  70%  (foot¬ 
pads)  (Lu  et  al.  2001)  using  IB4-Cy3. 

In  our  current  experiments  with  single,  live  DRG  neurons, 
membrane  staining  of  IB4-FITC  was  compared  very  clearly 
with  an  image  of  fixed  and  sliced  sections.  This  condition  with 
live  cells  allowed  us  to  classify  the  level  of  IB4  staining. 
Instead  of  defining  individual  neurons  as  positive  or  negative, 
we  therefore  divided  cells  into  three  categories:  grades  0  (no  or 
weak  staining),  1  (moderate  staining),  and  2  (intense  staining). 
According  to  this  classification,  we  found  that  bladder  afferent 
neurons  lack  the  IB4  intensely  stained  {grade  2)  cells.  On  the 
contrary,  skin  afferent  neurons  contained  significant  IB4  in¬ 
tensely  stained  {grade  2)  cells  (24%).  These  results  strongly 
suggest  that  IB4  intensely  stained  {grade  2)  cells  are  not 
visceral  afferents  but  represent  a  subpopulation  of  somatic 
afferent  neurons.  On  the  other  hand,  IB4  moderately  stained 
{grade  1)  cells  were  included  in  both  bladder  and  skin  afferent 
populations.  Taken  together,  various  percentages  of  IB4-posi- 
tive  cells  in  visceral  and  somatic  DRG  neurons  in  the  previous 
studies  might  be  attributable  to  different  criteria  used  to  iden¬ 
tify  IB4-positive  cells.  In  particular,  the  previous  studies  might 
include  or  exclude  in  the  positive  category  IB4  moderately 
stained  cells,  which  were  categorized  as  grade  1  in  the  current 
study. 

Electrical  and  Pharmacological  Properties  of  KA  Currents  in 
Bladder  Afferent  and  IB4  Intensely  Positive  Neurons 

The  IB4  staining  results  indicate  that  DRG  cells,  intensely 
stained  with  IB4-FITC,  are  a  subpopulation  of  somatic  afferent 
neurons  but  not  visceral  afferent  neurons  innervating  the  blad¬ 
der.  Thus  the  combination  of  FB  injection  into  the  bladder  wall 
with  IB4  staining  of  live,  dissociated  L6-S1  DRG  cells  allowed 
us  to  examine  the  differences  in  potassium  currents  in  the  same 
preparation.  In  this  preparation,  FB -positive  cells  were  blad¬ 
der-innervating  visceral  afferent  neurons,  whereas  IB4  in- 


Fig.  5.  Effects  of  PaTx2  on  expressed  voltage-gated  K+  (Kv)4  currents.  Kv4.1,  Kv4.2,  and  Kv4.3  currents  were  recorded  in  Chinese  hamster  ovary-Kl  cells 
transfected  with  Myc-tagged  rat  Kv4.x  expression  vectors  in  a  whole-cell  configuration.  K+  currents  were  elicited  by  300  ms  test  pulses  from  a  holding  potential 
of  - 100  mV,  before  and  after  application  of  200  nM  PaTx2,  except  that  the  data  with  500  nM  toxin  are  shown  in  Ai,  Bi,  Ci,  and  E.  Open  and  closed  circles 
represent  before  and  after  application  of  200  nM  PaTx2  (n  =  5-8).  A-C,  i:  representative  Kv4  current  traces;  ii:  steady-state  activation  curves;  iii:  r  act;  and 
iv:  r  decay.  Broken  lines  (in  ii)  were  generated  with  the  PaTx2  data  normalized  to  the  maximum  conduction  value,  t  Values  for  activation  and  inactivation  were 
obtained  using  a  single  exponential  equation.  D :  PaTx2  dose-dependent  inhibition  of  Kv4  currents  at  0  mV  and  30  mV.  E :  steady-state  inactivation. 
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Fig.  7.  Expression  of  Kv4  mRNAs  in  DRG.  A:  RT-PCR  data  with  tissue  samples.  PCR  was  performed  with  primers  for  Kv4.x  designed  to  detect  splicing  variants 
and  the  housekeeping  gene,  GAPDH.  The  2  bands  with  distinct  sizes  in  Kv4.3  correspond  to  the  short  and  long  splicing  isoforms  (Kv4.3S  and  Kv4.3L)  (Takimoto 
et  al.  1997).  The  left  lane  indicates  molecular  size  markers  (cpX174  DNA  digested  with  Hae III).  Note  that  DRGs  contain  abundant  Kv4.1  and  Kv4.3L  but  not 
Kv4.2.  B :  photomicrographs  of  the  same  L6  DRG  section  taken  during  laser-captured  microdissection  (LCM)  of  FB-labeled  bladder  afferent  neuron  before  ( left 
and  middle)  and  after  {right)  LCM.  An  arrow  indicates  a  laser-captured  bladder  afferent  neuron  labeled  with  FB  injected  into  the  bladder  wall  {left).  A  green-line 
circle  represents  the  area  captured  by  this  procedure.  C:  photomicrographs  of  the  same  L6  DRG  section  taken  during  LCM  of  IB4-stained  DRG  neurons  before 
{left  and  middle)  and  after  {right)  LCM.  Arrows  point  to  DRG  neurons  positively  stained  with  IB4  {left).  A  red- line  circle  indicates  the  area  that  was  laser  captured 
{middle).  D:  Kv4.1  mRNA  levels  in  laser-captured,  FB-labeled  bladder  afferent  neurons  and  IB4-stained  DRG  neurons.  E:  Kv4.3  mRNA  levels  in  laser-captured, 
FB-labeled  bladder  afferent  neurons  and  IB4-stained  DRG  neurons.  D  and  E:  data  are  expressed  as  relative  values  normalized  with  GAPDH  mRNA  as  a  control. 

AQ:  19-20  Note  that  Kv4.1  and  Kv4.3  mRNA  levels  are  significantly  higher  in  IB4-stained  cells  than  those  in  FB-labeled  bladder  afferent  neurons. 


tensely  stained  neurons  should  represent  a  fraction  of  IB  4- 
positive  somatic  afferent  neurons.  We  found  the  following 
using  these  techniques:  that  1)  IB 4  intensely  stained  DRG 
neurons  exhibit  a  larger  amplitude  of  KA  currents  than  FB- 
labeled  bladder  afferent  neurons,  2)  activation  and  inactivation 
of  Ka  currents  in  IB 4  intensely  stained  DRG  neurons  are  faster 
with  more  hyperpolarized,  half-maximum  potentials  than  those 
in  bladder  afferent  neurons,  and  3)  the  Kv4  channel  antagonist 
PaTx2  suppresses  KA  currents  in  IB4  intensely  stained  DRG 
neurons  but  has  no  effect  on  the  current  in  bladder  afferent 
neurons.  Thus  bladder  afferent  and  IB4-positive  neurons  con¬ 
tain  the  Ka  current  with  distinct  kinetic  and  pharmacological 
properties.  Bladder  afferent  neurons  appear  to  contain  an 
almost  exclusive,  slow-inactivating  current,  whereas  IB4-pos- 
itive  neurons  contain  fast-inactivating  currents.  The  results 
with  PaTx2  further  suggest  that  Kv4  channels  are  responsible 
for  the  fast-inactivating  current  in  IB4-positive  afferents  that 
corresponds  to  a  subpopulation  of  somatic  afferents. 


Previous  studies  have  shown  that  KA  currents  in  sensory 
neurons,  including  DRG  cells,  consist  of  slow-  and  fast¬ 
inactivating  components  (Akins  and  McCleskey  1993;  Ever- 
ill  and  Kocsis  1999;  Everill  et  al.  1998;  Gold  et  al.  1996; 
McFarlane  and  Cooper  1991;  Yoshimura  et  al.  1996).  Slow- 
inactivating  Ka  currents  are  seen  in  capsaicin-sensitive  C-fiber 
afferent  neurons  and  are  sensitive  to  dendrotoxin,  a  blocker  of 
Kvl.l-  and  Kvl.2-containing  channels.  Furthermore,  Kvl.4 
subunits  are  significant  in  small- sized  DRG  neurons,  including 
bladder  afferent  neurons  (Hayashi  et  al.  2009;  Rasband  et  al. 
2001;  Takahashi  et  al.  2013;  Yang  et  al.  2004).  Therefore,  Kvl 
family  channels,  including  the  inactivating,  ball-containing 
Kvl.4  subunit,  are  thought  to  carry  the  slow-inactivating  KA 
current  in  C-fiber  DRG  neurons.  The  slow  kinetics  and  insen¬ 
sitivity  to  PaTx2  of  the  KA  current  in  bladder  afferents  are 
consistent  with  this  idea.  In  contrast,  the  fast-inactivating  KA 
current  is  generally  seen  in  capsaicin-insensitive,  myelinated 
A-fiber  bladder  afferent  neurons  (Yoshimura  et  al.  1996).  We 


Fig.  6.  Effects  of  PaTx2  on  Kv4  chimeric  channels.  A:  amino  acid  sequences  of  the  S3  region  of  rat  Kv4.x  pore-forming  subunits  are  aligned.  A  box  represents 
the  4-amino  acid  portion  that  is  diverged  among  the  Kv4  family  channels.  Bold  letters  indicate  the  amino  acids  that  were  swapped  between  Kv4.1  and  Kv4.2. 
B  and  C:  data  were  obtained  using  500  nM  PaTx2,  except  for  B,  ii-iv,  in  which  200  nM  PaTx2  was  used.  Open  and  closed  circles  represent  before  and  after 
application  of  PaTx2  (n  =  7-11).  i:  representative  current  traces  before  and  after  application  of  500  nM  PaTx2;  ii:  steady-state  activation  curves  with  broken 
lines  generated  with  normalization  using  PaTx2  data;  Hi:  r  act;  and  iv:  t  decay.  D:  PaTx2  dose-dependent  inhibition  of  Kv4  currents  at  0  mV  and  30  mV.  E: 
steady- state  inactivation. 
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show  here  that  IB 4  intensely  stained  cells  that  respond  to 
capsaicin  exhibit  prominent  KA  currents  with  faster  kinetics 
and  PaTx2  sensitivity.  Thus  an  IB4  intensely  positive  subpop¬ 
ulation  of  somatic  C-fiber  DRG  neurons  appears  to  possess 
fast-inactivating  KA  currents  carried  by  Kv4  family  channels. 

Voltage -Dependent  and  -Independent  Inhibition  of  Kv4 
Channels  by  PaTx2 

PaTx2  is  a  member  of  gating-modifying  toxins  that  include 
hanatoxins  and  heteropoda  toxins  (Diochot  et  al.  1999;  Escou- 
bas  et  al.  2002;  Sanguinetti  et  al.  1997;  Swartz  and  MacKinnon 
1995).  These  toxins  act  on  a  nonpore  region  to  exhibit  voltage- 
dependent  inhibition  of  target  channel  currents  (Corzo  and 
Escoubas  2003;  Norton  and  Pallaghy  1998;  Swartz  2007; 
Zarayskiy  et  al.  2005).  With  the  use  of  heterologously  ex¬ 
pressed  Kv4.x  currents,  we  found  that  PaTx2  shows  distinct 
voltage  dependencies  for  their  inhibition.  The  toxin  altered  the 
steady-state  activation  and  inactivation  curves  of  the  Kv4.2 
current  to  a  positive  potential.  The  toxin  also  increased  time- 
AQ:  17  constant  values  in  the  raising  and  decaying  phases  of  Kv4.2 
current.  These  results  indicate  that  the  inhibition  of  Kv4.2 
current  by  the  toxin  is  mainly  voltage  dependent.  On  the  other 
hand,  the  toxin  caused  little  shift  in  the  normalized,  steady- 
state  activation  and  inactivation  curves  of  the  Kv4.1  current 
without  apparent  changes  in  the  time-constant  values.  There¬ 
fore,  the  toxin  inhibits  the  Kv4.1  current  in  a  voltage-indepen¬ 
dent  fashion.  The  inhibition  of  the  Kv4.3  current  by  the  toxin 
seemed  to  include  both  inhibitory  mechanisms.  A  similar 
voltage-dependent  and  -independent  blockade  of  Kv4.x  cur¬ 
rents  has  been  reported  recently  with  heteropoda  toxin  2 
(Desimone  et  al.  2011).  Similar  to  this  report,  we  found  that 
four  amino  acids  at  the  end  of  S3  primarily  determine  voltage 
dependence  of  the  toxin  action.  Thus  gating-modifying  toxins, 
including  PaTx2,  detect  subtle  differences  in  pore-forming 
subunit  sequences  at  the  specific  region  to  produce  distinct 
inhibitory  mechanisms.  Hence,  these  toxins  appear  to  be  useful 
tools  to  identify  molecular  correlates  of  the  native  currents. 

We  took  advantage  of  the  two  inhibitory  fashions  by  PaTx2 
to  determine  molecular  correlates  of  the  KA  current  in  IB 4 
intensely  positive  afferent  DRG  neurons  that  correspond  to  a 
subpopulation  of  somatic  afferent  cells.  PaTx2  did  not  shift  the 
normalized  steady- state  activation  curve  with  minor  changes  in 
the  time  constants.  Thus  the  toxin  inhibition  of  the  native  KA 
current  is  mostly  voltage  independent.  These  findings  support 
the  idea  that  the  KA  channel  in  IB 4  intensely  stained  DRG  cells 
contains  Kv4.1  and  possibly  Kv4.3  subunits.  Our  RT-PCR  data 
are  consistent  with  a  less-obvious  contribution  of  Kv4.2  in 
DRG  neurons  and  revealed  higher  Kv4.1  and  Kv4.3  mRNA 
levels  in  laser-captured,  IB4-positive  neurons  than  in  bladder 
afferent  neurons.  There  are  certainly  limitations  in  this  inter¬ 
pretation.  For  instance,  different  Kv4.x  subunits  can  form 
heteromeric  channel  complexes.  The  inhibitory  fashion  of 
heteromeric  Kv4.x  channel  currents  by  the  toxin  might  not 
linearly  reflect  the  subunit  composition.  However,  PaTx2  is 
considered  to  bind  to  each  subunit  in  the  tetrameric  channel. 
Therefore,  the  obtained  voltage-independent  inhibition  of  the 
Ka  current  likely  represents  the  overall  subunit  ratio  in  the 
native,  IB4  intensely  positive  afferent  cells. 

Previous  immunochemical  studies  indicate  the  presence  of 
Kv4.3  subunits  in  DRG  cells.  For  example,  Kv4.3-immunore- 


active  proteins  were  found  selectively  in  the  somata  of  a  subset 
of  nonpeptidergic  (i.e.,  CGRP-negative),  nociceptive  DRG 
neurons  (Chien  et  al.  2007).  Although  less  is  known  about  the 
protein  expression  of  the  Kv4.1  subunit,  due  to  the  lack  of  a 
high-quality  commercial  antibody  against  this  protein,  the 
expression  of  Kv4.1  mRNA  has  been  reported  in  small-sized 
DRG  neurons  using  a  single-cell  RT-PCR  method  (Phuket  and 
Covarrubias  2009).  We  also  recently  reported  that  Kv4.1 
mRNA  is  expressed,  not  only  in  small-sized  cells  but  also  in  all 
sizes  of  rat  DRG  neurons  using  in  situ  hybridization  techniques 
(Matsuyoshi  et  al.  2012).  Our  LCM  study  demonstrated  further 
that  Kv4.1  and  Kv4.3  mRNA  expression  is  higher  in  IB4- 
positive  afferent  neurons  than  that  in  bladder  afferent  neurons. 
However,  the  obtained  Kv4  subunit  mRNA  levels  do  not 
necessarily  indicate  the  functional  contribution  of  Kv4.1  or 
Kv4.3  subunits  to  the  KA  current.  In  this  regard,  our  electro- 
physiological  data  demonstrate  the  presence  of  the  PaTx2- 
sensitive  KA  current  in  IB4  intensely  stained  neurons  consti¬ 
tuting  a  subpopulation  of  somatic  afferent  cells.  The  lack  of 
voltage-dependent  inhibition  of  this  KA  current  supports  a 
large  contribution  of  Kv4.1  subunits  to  this  current.  It  is 
important  to  note  that  IB4  intensely  positive  cells  constitute  a 
smaller  fraction  of  somatic  afferent  neurons  than  those  mod¬ 
erately  stained.  Thus  further  studies  with  IB4-negative  and 
-moderately  stained  cells  are  needed  to  obtain  a  more  complete 
view  on  molecular  correlates  of  KA  currents  between  somatic 
and  visceral  afferent  neurons. 

In  conclusion,  the  reduction  of  K+  channel  activity,  includ¬ 
ing  slow-  and  fast-inactivating  KA  currents,  is  one  of  the 
important  mechanisms  for  hyperexcitability  and  chronic  pain. 
The  present  study  identified  that  Kv4.1  and  possibly  Kv4.3 
subunits  functionally  contribute  to  KA  channels  in  IB 4  in¬ 
tensely  stained  neurons  that  correspond  to  a  subpopulation  of 
somatic  afferent  cells.  Molecular  correlates  of  KA  channels  in 
different  afferent  pathways  could  help  to  develop  suitable 
molecular  targets  for  the  treatment  of  pain  conditions  of  so¬ 
matic  and  visceral  organs. 
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Investigation  into  Constitutive  Expression  of  Nerve  Growth  Factor  in  Bladder  By  Bladder  wall  Injection  of  NGF  Antisense 

Pradeep  Tyagi*,  Mahendra  Kashyap,  Pittsburgh,  PA,  Michael  Chancellor,  Royal  oak,  Ml,  Naoki  Yoshimura,  Pittsburgh,  PA 

INTRODUCTION  AND  OBJECTIVES:  Overexpression  of  nerve  growth  factor  NGF  in  bladder  has  been  established  as  a 
key  molecular  mediator  in  the  lower  urinary  tract  symptoms.  Overactive  bladder  patients  responding  to  intradetrusor  injection  of 
botulinum  toxin  showed  a  reduced  NGF  expression  in  histological  specimens.  In  our  previous  study,  bladder  instillation  of  NGF 
antisense  was  able  to  directly  suppress  the  inducible  NGF  expression  in  urothelium  following  acetic  acid  insult,  but  the  effect  of 
intravesical  treatment  on  the  detrusor  expression  of  NGF  was  inconclusive.  Therefore  in  the  present  study,  we  explored  the  direct 
effect  of  bladder  wall  injection  of  NGF  antisense  on  the  NGF  expression  in  different  regions  of  the  bladder. 

METHODS:  Adult  female  Sprague-Dawley  rats  were  given  bladder  wall  injection  (10-20pl_)  of  either  saline  (sham)  (n=3) 
or  NGF  antisense  (0.1-10pM)  complexed  with  liposomes  under  isoflurane  anesthesia(n=6).  Total  volume  of  injection  was  split  into 
four  sites  around  the  bladder.  Abdomen  was  sutured  back  after  surgery  and  animal  returned  to  cages.  48h  after  injection,  open 
transurethral  cystometry  under  urethane  anaesthesia  (dose  Ig/kg,  subcutaneously)  was  performed  with  saline  infused  at 
0.04ml/min.  Bladder  was  harvested  following  sacrifice  for  measuring  NGF  protein  levels  by  ELISA. 

RESULTS:  Cystometric  parameters  were  indistinct  between  sham  and  the  treated  groups.  The  measured  tissue  specific 
NGF  levels  were  normalized  to  the  respective  protein  concentration  and  expressed  as  pg/mg  of  protein.  There  was  insignificant 
difference  in  the  NGF  levels  of  two  tissue  regions  from  sham  group  with  295. 8±  10.26pg/mg  in  urothelium  and  273.9±  46.28pg/mg 
in  detrusor(n=3).  In  contrast,  bladder  wall  injection  of  NGF  antisense  reduced  the  constitutive  production  of  NGF  in  both  urothelium 
and  detrusor  regions.  Paired  analysis  of  NGF  levels  in  urothelium  and  detrusor  for  the  antisense  treated  group  found  significant 
reduction  in  detrusor  relative  to  the  higher  levels  in  urothelium  262. 0±  15.76pg/mg  vs  286. 8±  23.28pg/mg,  respectively  (p<0.05). 

CONCLUSIONS:  Gene  silencing  of  NGF  gene  in  detrusor  following  bladder  wall  injection  supports  the  intradetrusor 
injection  of  NGF  antisense  complexed  with  liposome  as  a  potential  treatment  for  refractory  overactive  bladder  associated  with  NGF 
overexpression  in  bladder  smooth  muscle.  NGF  antisense  is  able  to  suppress  both  constitutive  and  inducible  expression  of  NGF  in 
bladder,  and  inducible  NGF  expression  has  implications  in  the  OAB  pathophysiology. 

Source  of  Funding:  NIH  DK057267,DK088836  and  DOD  SCI 001 34, PR1 10326 


PD9-01 

THERAPEUTIC  EFFECT  OF  ANTISENSE  OLOGONUCLEOTIDE  (OND)  TARGETING  NERVE  GROWTH  FACTOR  (NGF)  ON 
BLADDER  HYPESENSITIVITY  IN  RAT  WITH  EXPERIMENTAL  COLITIS 

Naoki  Kawamorita*,  Satoru  Yoshikawa,  Pittsburgh,  PA,  Yoichi  Arai,  Miyagi,  Japan,  Pradeep  Tyagi,  Pittsburgh,  PA,  Michael 
Chancellor,  Royal  Oak,  Ml,  Naoki  Yoshimura,  Pittsburgh,  PA 

INTRODUCTION  AND  OBJECTIVES:  Pelvic  organ  "cross  sensitization"  seems  to  contribute  to  overlapping  symptoms  in 
patients  with  chronic  pelvic  pain  syndrome  (CPPS)  including  bladder  pain  syndrome/interstitial  cystitis  (BPS/IC).  However,  it  is  not 
known  whether  NGF  overexpression  in  the  bladder  is  involved  in  this  cross  sensitization  mechanism.  Therefore,  we  investigated 
whether  local  instillation  of  liposome-OND  conjugates  (L-OND)  targeting  NGF  overexpression  in  the  bladder  can  suppress  bladder 
hypersensitivity  in  a  rat  model  of  experimental  colitis. 

METHODS:  Five  groups  of  female  SD  rats  were  used;  (a)  control  (no  treatment),  (b)  colitis-OND  (intracolonic 
2,4,6,trinitrobenzen  sulfonic  acid  [TNBS]  enema  &  intravesical  L-OND)  ,  (c)  colitis-saline  (TNBS  &  intravesical  saline),  (d)  sham- 
OND  (L-OND  was  given  without  colitis)  and  (e)  sham-saline  (saline  was  given  without  colitis).  A  day  before  evoking  TNBS  colitis, 
either  L-OND  or  saline  was  instilled  to  the  bladder.  (1)  Behavior  testing:  Resiniferatoxin  (0.3pM,  0.3  ml)  was  administered  into  the 
bladder  for  1  min  to  evaluate  nociceptive  behaviors  such  as  licking  (lower  abdominal  licking)  and  freezing  (motionless  head-turning) 
for  15  min.  (2)  Cystometry:  Saline  followed  by  0.1%  acetic  acid  (AA)  were  continuously  infused  to  evaluate  changes  in 
intracontraction  intervals  (ICIs)  in  conscious  rats.  (3)  Molecular  analysis:  Harvested  bladders  were  divided  to  mucosal  and  detrusor 
layers  to  measure  the  mRNA  and  protein  expression  of  NGF  by  qPCR  and  ELISA,  respectively. 

RESULTS:  (1)  In  the  colitis-saline  group,  the  score  of  freezing  behavior,  which  represents  bladder  pain  sensation,  was 
significantly  higher  than  that  of  other  groups  including  the  colitis-OND  group.  (2)  The  reduction  rate  of  ICI  after  AA  instillation  in  the 
colitis-saline  group  was  approximately  40%  in  contrast  to  10%  in  the  colitis-OND  group.  (3)  The  mRNA  and  protein  expression  of 
NGF  in  the  mucosa  was  significantly  higher  in  the  colitis-saline  group  compared  to  the  colitis-OND  group. 

CONCLUSIONS:  These  results  indicate  that  intravesical  treatment  of  NGF  antisense  with  liposome,  which  suppressed 
mucosal  NGF  overexpression,  reduced  colitis-induced  bladder  hypersensitivity  evidenced  by  increased  bladder  pain  behavior 
(freezing)  and  AA-induced  bladder  overactivity.  Thus,  the  intravesical  NGF  antisense  treatment  could  be  effective  for  hypersensitive 
bladder  symptoms  in  CPPS  including  BPS/IC,  in  which  the  cross-sensitization  mechanism  contributes  to  overlapping  symptoms 
from  different  pelvic  organs. 

Source  of  Funding:  NIH  DK088836,  DOD  W81XWH-1 1-1-0763  and  W81XWH-1 2-1  -0565 


MP1-17 

Therapeutic  effects  of  intravesical  application  of  liposome  conjugated  with  antisense  oligonucleotide  targeting  nerve 
growth  factor  on  neurogenic  detrusor  overactivity  in  rats  with  spinal  cord  injury 

Tsuyoshi  Yoshizawa*,  Pradeep  Tyagi,  Pittsburgh,  PA,  Michael  B.  Chancellor,  Royal  Oak,  Ml,  Satoru  Takahashi,  Tokyo,  Japan, 
Naoki  Yoshimura,  Pittsburgh,  PA 

INTRODUCTION  AND  OBJECTIVES:  We  recently  reported  that  instillation  of  liposome  conjugated  with  antisense 
oligonucleotide  (OND)  targeting  nerve  growth  factor  (NGF)  into  the  bladder  suppressed  bladder  overactivity  in  a  rat  model  of  acute 
cystitis  (Kashyap  et  al.,  J  Urol,  2013).  Therefore,  this  study  investigated  whether  instillation  of  liposome  with  NGF-targeting 
antisense  OND  into  the  bladder  can  suppress  neurogenic  detrusor  overactivity  shown  by  non-voiding  contractions  (NVCs)  during 
the  storage  phase  in  rats  with  spinal  cord  injury  (SCI). 

METHODS:  Adult  female  Sprague-Dawley  rats  were  used.  SCI  was  produced  by  complete  transection  of  the  Th8-9 
spinal  cord.  After  3  weeks,  SCI  rats  were  divided  into  three  groups;  (a)  Control  group  (no  treatment),  (b)  Liposome  without 
antisense  OND  group,  (c)  Liposome  with  NGF-targeting  antisense  OND  group,  in  which.  NGF  antisense-liposome  solution  (1  ml) 
containing  6pil  of  anti-NGF  oligonucleotide  (2mM)  in  994jil  of  liposome  (7mM)  was  injected  into  the  bladder  and  retained  for  30  min. 
At  4  weeks  after  SCI,  awake  cystometry  was  performed  during  continuous  infusion  of  saline  (0.08  ml/min)  into  the  bladder. 
Cystometric  parameters  evaluated  included  the  amplitude  (cmH20)  and  frequency  (number/min)  of  NVCs,  maximal  voiding  pressure 
(MVP)  and  residual  urine  volume  (RV). 

RESULTS:  There  was  no  any  significance  in  the  amplitude  and  frequency  of  NVCs  between  control  (no  treatment)  and 
liposome  without  antisense  OND  groups  of  SCI  rats.  However,  in  the  liposome  with  NGF-targeting  antisense  OND  group,  the 
amplitude  and  frequency  of  NVCs  were  significantly  reduced  compared  to  control  (no  treatment)  (38  and  55%  reductions, 
respectively)  and  liposome  without  antisense  OND  groups  (35  and  58%  reductions,  respectively)  of  SCI  rats.  MVP  and  RV  were 
also  significantly  reduced  in  the  NGF-targeting  antisense  OND  group  compared  to  other  groups. 

CONCLUSIONS:  These  results  indicate  that  intravesical  treatment  with  liposome  conjugated  with  antisense  OND 
targeting  NGF  effectively  reduces  neurogenic  detrusor  overactivity  as  evidenced  by  the  reduction  of  NVCs  in  SCI  rats.  Because 
NGF  upregulation  in  the  bladder  is  shown  to  be  one  of  the  key  mechanisms  inducing  bladder  overactivity,  the  intravesical  liposome- 
NGF  antisense  delivery  could  be  a  novel  option  for  the  treatment  of  neurogenic  detrusor  overactivity  in  SCI. 

Source  of  Funding:  DOD  W81XWH-1 1-1-0763,  W81XWH-1 2-1  -0565  and  NIH  DK088836,  P01  DK093424 
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LIPOSOME-BASED  INTRAVESICAL  THERAPY  TARGETING  NERVE  GROWTH  FACTOR 
(NGF)  AMELIORATES  BLADDER  HYPERSENSITIVITY  IN  RATS  WITH  EXPERIMENTAL 
COLITIS 


Hypothesis  /  aims  of  study 

The  complex  pathophysiology  of  chronic  pelvic  pain  syndrome  (CPPS)  and  bladder  pain  syndrome/interstitial  cystitis  (BPS/IC) 
could  be  interrelated.  It  has  recently  been  proposed  that  pelvic  organ  “cross  sensitization”  contributes  to  the  clinically  overlapping 
symptoms  in  CPPS  such  as  irritable  bowel  syndrome  (IBS)  and  BPS/IC.  Previous  animal  studies  also  demonstrated  that 
experimental  colitis  evokes  bladder  overactivity  evidenced  by  frequent  urination  in  association  with  hyperexcitability  of  afferent 
neurons  innervating  the  bladder  [1]  although  it  has  not  been  investigated  whether  this  colitis  model  exhibits  an  increase  in  bladder 
pain  sensation.  Meanwhile,  overexpression  of  nerve  growth  factor  (NGF)  in  the  bladder  is  thought  to  be  one  of  the  key  factors  in 
the  symptom  development  in  BPS/IC  patients.  We  recently  reported  that  instillation  of  liposome  conjugated  with  antisense 
oligonucleotide  (OND)  targeting  NGF  into  the  bladder  suppressed  bladder  overactivity  in  a  rat  model  of  acute  cystitis  [2]. 
Therefore,  this  study  was  planned  to  explore  whether  bladder  hypersensitivity  induced  by  experimental  colitis  and  NGF 
overexpression  in  the  bladder  are  induced  after  colitis  and  whether  intravesical  liposomal-OND  treatment  can  suppress  bladder 
hypersensitivity  and  NGF  expression  in  a  rat  model  with  experimental  colitis. 

Study  design,  materials  and  methods 

•  Animal  groups:  Adult  female  Sprague-Dawley  rats  were  used;  (a)  control  group  (no  treatment),  (b)  colitis-OND  group 
(intracolonic  2,4,6,trinitrobenzen  sulfonic  acid  [TNBS]  enema  and  intravesical  liposomal  OND  were  given)  ,  (c)  colitis-saline 
group  (intracolonic  TNBS  and  intravesical  saline  were  given),  (d)  sham-OND  group  (intravesical  liposomal  OND  was  given 
without  colitis)  and  (e)  sham-saline  group  (intravesical  saline  was  given  without  colitis). 

•  Intravesical  administration  of  NGF  antisense-liposome  solution  (liposomal-OND):  Under  isoflurane  anesthesia,  0.2ml  of  either 
liposomal-OND  or  saline  was  instilled  to  the  bladder  through  an  inserted  urethral  catheter. 

•  Experimental  colitis  model:  Twenty-four  hours  after  instillation  of  liposomal-OND  or  saline  and  fasting,  colitis  was  induced  by 
the  enema  of  30mg  TNBS  dissolved  in  50%  ethanol  through  a  polyethylene  catheter  inserted  8  cm  proximal  to  the  anus  in  a 
head-down  position.  Ten  days  after  liposomal-OND  or  saline  injection,  animals  were  subjected  to  either  in  vivo  studies  or 
bladder  tissue  removal. 

(1)  Nociceptive  behaviour  testing:  Licking  (lower  abdominal  licking)  and  freezing  behaviours  (motionless  head-turning  towards 
lower  abdomen)  in  response  to  1-min  intravesical  administration  of  resiniferatoxin  (RTX),  a  TRPV1  receptor  agonist,  were 
examined.  After  2  hours  acclimation  in  a  metabolic  cage,  RTX  (0.3pM,  0.3ml)  was  instilled  through  an  inserted  urethral  catheter 
for  1  min,  and  the  catheter  was  then  removed.  Thereafter,  both  licking  and  freezing  behaviours  were  scored  during  5-s  intervals 
for  15  minutes  in  the  cage  (n=4-6). 

(2)  Awake  cyctometry:  Intravesical  catheters  were  implanted  under  urethane  anaesthesia  3  days  before  cystometry.  PE-50 
catheter  with  the  end  flared  by  heat  was  inserted  into  the  bladder  dome,  ligated  and  placed  subcutaneously.  Saline  followed  by 
0.1%  acetic  acid  (AA)  were  continuously  infused  to  evaluate  changes  in  intracontraction  intervals  (ICIs)  in  conscious  rats. 

(3)  Immunohistochemistry:  The  frozen  section  of  the  bladder  was  stained  with  NGF  antibody  (1 :250  dilution).  The  positive  staining 
was  visualized  with  a  DAB  kit. 

(4)  Molecular  analysis  of  NGF:  The  harvested  bladder  was  micro-dissected  to  divide  into  mucosal  and  detrusor  layers.  Quantitative 
polymerase  chain  reaction  (qPCR)  and  Enzyme-Linked  ImmunoSorbent  Assay  (ELISA)  were  used  to  measure  the  mRNA  and 
protein  expression  of  NGF,  respectively  (n=3-5). 

Results 

(1)  In  the  colitis-saline  group,  the  score  of  freezing  behaviour  was  significantly  higher  than  that  of  all  other  groups  including  the 
colitis-OND  group  (Figure  1).  The  score  of  licking  behaviour  in  the  colitis-saline  group  was  significantly  higher  than  in  the  control 
group  and  tended  to  higher  compared  to  other  3  groups  without  significant  differences.  (2)  ICIs  before  intravesical  AA  stimulation 
were  not  different  among  groups;  however,  the  ICI  reduction  rate  after  AA  instillation  into  the  bladder  was  significantly  higher  in 
the  colitis-saline  group  than  that  in  the  colitis-OND  group  (Figure  2).  (3)  There  was  increased  immunoreactivity  of  NGF  in  the 
bladder  mucosa  in  the  colitis-saline  group,  whereas  there  was  only  faint  staining  in  the  control  and  colitis-OND  groups.  (4)  The 
mRNA  expression  of  NGF  in  the  colitis-saline  group  was  significantly  increased  in  the  mucosa  compared  to  control  and  colitis- 
OND  groups  (Figure  3).  In  addition  the  protein  level  of  NGF  in  the  mucosa  was  also  higher  in  the  colitis-saline  group  compared 
to  other  groups. 
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(Figure  1 )  Freezing  behaviour  was  significantly  increased 
in  the  colitis-saline  group  and  decreased  in  the  colitis- 
OND  group(  *p<0.05,  **p<  0.01). 
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(Figure  2)  The  ICI  reduction  rate  after  intravesical 
infusion  of  acetic  add  (AA)  was  significantly  higher  in 
the  colitis-saline  group  than  that  in  the  colitis-OND 
group  ( *p<0.05). 
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(Figure  3)  Expression  of  NGF  mRNA  was  significantly 
increased  in  the  colitis-saline  group  compared  to  control 
and  colitis-OND  groups  ( *p<0.05). 


Interpretation  of  results 

These  results  indicate  that:  (1)  colitis  evoked  by  TNBS  induced  bladder  hypersensitivity  shown  by  increased  freezing  behaviour, 
which  represents  bladder  pain  sensation,  and  enhanced  bladder  overactivity  in  response  to  nociceptive  bladder  stimuli  such  as 
RTX  or  AA  and  (2)  colitis-induced  bladder  hypersensitivity  is  associated  with  an  increase  of  NGF  expression  at  both  mRNA  and 
protein  levels  in  the  bladder  mucosa.  Furthermore,  the  intravesical  liposome-based  treatment  with  NGF  antisense,  which  reduced 
the  mucosal  expression  of  NGF,  had  a  therapeutic  effect  on  colitis-induced  bladder  hypersensitivity  as  evidenced  by  reductions 
in  RTX-induced  freezing  behaviour  and  AA-induced  bladder  overactivity.  Taken  together,  it  is  likely  that  NGF  overexpression  in 
the  bladder  mucosa  plays  an  important  role  in  the  colon-to-bladder  cross-sensitization  to  induce  bladder  hypersensitivity  after 
colitis  and  that  intravesical  application  of  liposomal  OND  targeting  NGF  is  effective  to  reduce  bladder  pain  and  overactivity  induced 
by  colitis. 

Concluding  message 

This  study  shows  that  the  rat  model  of  experimental  colitis  is  useful  to  study  the  mechanism  inducing  bladder  hypersensitivity 
such  as  pain  behaviour  in  addition  to  changes  in  bladder  activity.  The  liposome-based  antisense  treatment  targeting  NGF  in  the 
bladder  could  be  a  new,  effective  modality  for  the  treatment  of  bladder  pain  and  overactivity  in  CPPS  patients  including  those  with 
BPS/IC  and  IBS,  in  whom  the  pelvic  organ  “cross  sensitization”  mechanism  is  involved  in  overlapping  symptoms  from  different 
pelvic  organs. 
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